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RÉSUMÉ 
 
Les ponts routiers ont une grande valeur dans un pays parce qu’en cas de catastrophe naturelle, 
ils peuvent servir comme des lignes pour sauver des vies. Étant vulnérable sous des charges 
sismiques importantes, on peut considérer différentes méthodes pour concevoir des ponts 
routiers résistants et également pour réhabiliter des ponts existants. Dans cette étude, 
l'isolation de la base a été considérée comme une méthode efficace qui peut réduire 
significativement les effets des charges sismiques sur la structure. En réduisant la demande en 
ductilité sur la structure sans une augmentation notable de force, la structure est conçue pour 
rester élastique sous des charges sismiques. Le problème associé aux ponts isolés, 
particulièrement avec des appuis en élastomère, peut être leurs déplacements excessifs sous les 
charges de service et de séisme. Ceci peut défier l’objectif d'utiliser des appuis en élastomère 
pour les ponts typiques de petite portée où les joints de dilatation et les dégagements peuvent 
aboutir à une augmentation significative des frais d'exploitation et de maintenance. Ainsi, 
supplémenter la structure avec des amortisseurs d’une certaine rigidité peut servir de solution, 
ce qui peut cependant augmenter l’effort tranchant transmis à la sous-structure. Cette étude a 
pour but de fournir une méthode simplifiée afin d’évaluer les paramètres optimaux des 
amortisseurs dans les ponts isolés. Dans cette thèse, premièrement, basé sur une étude 
paramétrique, quelques directions sont données pour l'utilisation de dispositifs d'isolation 
simples, dont les appuis en élastomère, afin de réhabiliter des ponts existant avec une haute 
importance. Les paramètres comme la géométrie du pont, les clauses des normes et le type de 
sol sur lequel la structure est construite ont été appliqués sur un pont typique de deux portées. 
Il est conclu que les paramètres mentionnés peuvent déterminer l'emploi d'isolement de la base 
des ponts routiers. À la deuxième phase, basé sur le coefficient de réponse élastique des ponts 
isolés, une méthode de conception simplifiée d’amortisseur pour des ponts routiers réguliers 
isolés à la base a été présentée dans cette étude. En sélectionnant des objectifs pour la 
réduction du déplacement et la variation de l’effort tranchant, la rigidité et l'amortissement 
exigés d'un amortisseur hystérétique peuvent être déterminés. L’étude s’est poursuivie par une 
modélisation numérique d’un pont à deux portées pour vérifier l'efficacité de la méthode. Pour 
un modèle numérique d'un pont isolé typique, la méthode a été utilisée pour identifier des 
paramètres linéaires équivalents pour un certain déplacement et effort tranchant désigné. Par la 
suite, assumant un amortisseur de type hystérétique, les paramètres non linéaires de 
l’amortisseur ont été calculés et utilisés. La comparaison des résultats du modèle numérique 
sans amortisseur et avec l'amortisseur a démontré que la méthode proposée est suffisamment 
précise. Par la suite, un nouvel amortisseur hystérétique simple en acier a été conçu. Cinq 
spécimens ont été fabriqués de deux différents grades d’acier et ont été testés en combinaison 
avec un isolateur à l’échelle réelle dans le laboratoire de structures de l'Université de 
Sherbrooke. La procédure comprenait la caractérisation des spécimens par des tests cycliques 
en contrôle de déplacement et par la suite la réalisation d’essais par la méthode de sous-
structuration dynamique en temps réel. Les résultats des essais ont été utilisés pour établir un 
modèle numérique du système qui a subi des analyses temporelles non linéaires sous plusieurs 
séismes. Le résultat des essais expérimentaux et numériques montrent une conformité 
acceptable avec la méthode simplifiée. 
Mots clés: Ponts routiers, conception parasismique, isolation de la base, amortisseur, méthode 
de conception simplifiée, analyse dynamique linéaire et non linéaire, essai cyclique, essai de 
sous structuration dynamique en temps réel. 
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ABSTRACT 
 
Highway bridges have great values in a country because in case of any natural disaster they 
may serve as lines to save people’s lives. Being vulnerable under significant seismic loads, 
different methods can be considered to design resistant highway bridges and rehabilitate the 
existing ones. In this study, base isolation has been considered as one efficient method in this 
regard which in some cases reduces significantly the seismic load effects on the structure. By 
reducing the ductility demand on the structure without a notable increase of strength, the 
structure is designed to remain elastic under seismic loads. The problem associated with the 
isolated bridges, especially with elastomeric bearings, can be their excessive displacements 
under service and seismic loads. This can defy the purpose of using elastomeric bearings for 
small to medium span typical bridges where expansion joints and clearances may result in 
significant increase of initial and maintenance cost. Thus, supplementing the structure with 
dampers with some stiffness can serve as a solution that in turn, however, may increase the 
structure base shear. The main objective of this thesis is to provide a simplified method for the 
evaluation of optimal parameters for dampers in isolated bridges. Firstly, performing a 
parametric study, some directions are given for the use of simple isolation devices such as 
elastomeric bearings to rehabilitate existing bridges with high importance. Parameters like 
geometry of the bridge, code provisions and the type of soil on which the structure is 
constructed have been introduced to a typical two span bridge. It is concluded that the stiffness 
of the substructure, soil type and special provisions in the code can determine the employment 
of base isolation for retrofitting of bridges. Secondly, based on the elastic response coefficient 
of isolated bridges, a simplified design method of dampers for seismically isolated regular 
highway bridges has been presented in this study. By setting objectives for reduction of 
displacement and base shear variation, the required stiffness and damping of a hysteretic 
damper can be determined. By modeling a typical two span bridge, numerical analyses have 
followed to verify the effectiveness of the method. The method has been used to identify 
equivalent linear parameters and subsequently, nonlinear parameters of hysteretic damper for 
various designated scenarios of displacement and base shear requirements. Comparison of the 
results of the nonlinear numerical model without damper and with damper has shown that the 
method is sufficiently accurate. Finally, an innovative and simple hysteretic steel damper was 
designed. Five specimens were fabricated from two steel grades and were tested 
accompanying a real scale elastomeric isolator in the structural laboratory of the Université de 
Sherbrooke. The test procedure was to characterize the specimens by cyclic displacement 
controlled tests and subsequently to test them by real-time dynamic substructuring (RTDS) 
method. The test results were then used to establish a numerical model of the system, which 
went through nonlinear time history analyses under several earthquakes. The outcome of the 
experimental and numerical showed an acceptable conformity with the simplified method.  
Key words: Highway Bridge, seismic design, base isolation, damper, simplified design 
method, linear and nonlinear dynamic analysis, cyclic testing, real-time dynamic 
substructuring testing 
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CHAPTER 1. INTRODUCTION 
 
Safety of bridges as lifeline structures in the transportation network is a prominent issue in 
saving human lives during natural disasters like hurricanes, floods, earthquakes, etc. where 
their failure will seriously hinder the relief and recuperation work. Furthermore, many cases of 
damage to bridges during major and even minor earthquakes have been reported in the past.  
Since the fundamental period of vibration of bridges is normally in the range of 0.2 to 1.2 
second, their structural response is high due to the closeness to the predominant periods of 
earthquake-induced ground motions. Period of vibration for normal bridges with short piers 
and abutments that are very rigid is often critical because their response lies in the plateau 
portion of the seismic spectra. Considering this fact, provided that the fundamental period of 
the bridge is prolonged or its capacity in dissipating energy is improved, the bridge seismic 
forces can be reduced. 
1.1 Bridge retrofitting 
For bridges at risk during earthquakes, various retrofitting and rehabilitation procedures have 
been developed and applied. Such retrofitting methods include individualized strengthening 
schemes like casting of in-fill walls between columns, steel jacketing of columns, widening of 
the pier caps and abutments, use of restraining cables and strengthening of footings and 
bearing elements, etc. These methods allow increasing the lateral strength of bridges, but, due 
to their higher stiffness, they also attract larger forces along the bridge’s lateral load path.  
Instead of earthquake-resistant design of bridges, one effective alternative for the design of 
such structures can be seismic isolation. The suitability of a specific type of isolation system 
can be influenced by several parameters including: region seismicity, ground soil type, 
frequency content of the earthquake, length and number of continuous spans, and maintenance 
Facilities. 
Seismic isolation philosophy in enhancing earthquake resistance of a structure is different 
from conventional retrofit measures as the latter attempts to reinforce specific elements of 
bridges while the former increases structural performance by decreasing the total earthquake 
demand to the structure. 
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Figure 1.1.Design spectrum and the shift of spectral ordinates for an isolated structure 
 
It is seen in Figure 1.1 that while the rigid conventional structure in the plateau side of the 
spectrum may undergo larger accelerations due to its lower natural period, the isolated 
structure, by an increased natural period and having greater damping may experience lower 
acceleration. This results in lower base shear. In the case of non-isolated bridge due to higher 
force, the substructure should be designed to be more resistant under lateral loadings. This is 
however, not the case for isolated bridge, where most of the deformation takes place at the 
level of the isolation system and the structure remains in its elastic zone. 
1.2 Overview on base isolation 
Passive structural vibration control technologies, including base isolation systems, are widely 
used in earthquake engineering to control the response of structures under extreme loadings. 
Seismic base isolation in bridges is a term given to structural elements that noticeably 
decouple a superstructure from its substructure in order to protect the whole structure when 
subject to the ground excitation. When decoupling the structural components, the fundamental 
frequency of a structure will shift to a zone away from the dominant frequencies of earthquake 
ground motion. Simultaneous addition of energy dissipation by some isolation systems can 
also reduce the conveyed acceleration into the superstructure.  
It is required that the base isolators are vertically stiff enough such that they can carry the 
vertical loads from the structure. However, their stiffness in the horizontal direction should be 
far less than that of the vertical stiffness to allow reducing the overall stiffness of the structure 
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and hence reducing its fundamental frequency. Isolation systems can be divided into two main 
categories:  sliding isolation systems and elastomeric isolation systems. The mechanisms of 
decoupling effects of both systems are discussed in the next chapter.  
1.3 Energy dissipating devices 
Most isolation devices and particularly elastomeric isolation bearings show low damping 
levels (Gupta et al. 2014) and therefore, in some conditions, the employment of supplemental 
dampers becomes a crucial requirement to reduce the response of structures and in particular 
the displacement demand. Dampers are used to dissipate the energy from lateral loading 
caused by wind or earthquakes. They add stiffness and damping to the structure and therefore 
they modify its dynamic response. Generally, the damper will have the effect of reducing 
superstructure displacements, but they can also contribute to an increase in substructure forces 
due to an increase in the fundamental frequency of the structure. It is essential for design 
engineers to properly evaluate the effect of such devices on the dynamic behavior of the 
structure studied. 
Energy dissipating devices can be split into two categories. The first category includes devices 
that can go under vertical load of the structure and perform as both isolation and damping 
device. This type includes the sliding isolators that need surface normal load to be activated. 
The second category includes devices that do not take on vertical loading and perform solely 
as damping device without any participation in isolation. Since these dampers are often 
sacrificing members in a structure, it is important to design elements that are economic. 
1.4 Structural analysis and codes 
For the seismic design of bridges, several codes recommend different methods of analysis. 
The choice of these methods depends on the importance, seismic performance zone and 
geometric regularity of the bridge structure. Dependent on the seismic performance zones and 
the importance of the structure, linear and nonlinear method of static or dynamic analyses are 
recommended by the codes.  According to most bridge design codes in most cases of highway 
bridges, linearization methods can be useful because they are more cost effective in terms of 
design time and effort. Many design guides such as AASHTO (2010) and CSA S6 (2006) 
adopt an equivalent linear analysis procedure utilizing an equivalent linear system for the 
isolation bearings and providing appropriate linear methods for estimating seismic response. 
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1.5 Research objective 
In the framework of this thesis, the main objective is to develop a simplified design method 
for supplemental dampers for base isolated bridges. This method should allow determining the 
required stiffness and damping level of the supplemental dampers such that they control the 
level of base shear and reduce superstructure displacements. A first specific objective is to 
determine, based on the provisions from CSA S6 (2006), the conditions in which base 
isolation is advantageous for typical short and medium span bridges. A second specific 
objective is to develop the simplified method for the design of dampers and validate it using 
linear and nonlinear numerical methods. Finally, the last specific objective is to implement the 
simplified method for the design of a hysteretic damper that would provide a simple and low-
cost solution for the rehabilitation of isolated highway bridges with large superstructure 
displacements. These three specific objectives are treated in one conference article and two 
journal articles presented respectively in CHAPTERS 4, 5 and 6. CHAPTER 2 contains a 
literature review on the subject, whereas CHAPTER 3 explains the general methodology of 
the work presented in this thesis. Finally, conclusions and proposed future works are found in 
CHAPTERS 7 and 8. 
1.6 Research significance and originality 
The main procedure in the design of isolated bridges is to measure displacement and 
acceleration demand versus its capacity. To be able to implement isolation systems for small 
and medium highway bridges, the evaluation of the optimal properties of the isolation system 
needs to be simple and efficient. As discussed in Section 2.8 there are a few ways to perform 
the comparison and determine the isolation system design criteria. However, these methods 
are aimed towards the evaluation of the properties of the complete isolation system and do not 
apply directly for the evaluation of optimal damper properties for the rehabilitation of an 
isolated bridge with excessive deck displacements.  On this basis, in developing the simplified 
method in this study, the unique aspect is to evaluate directly the optimal damper properties 
for small and medium span regular bridges where the structure’s nonlinearity is only 
concentrated in the isolation level. The method provides a practical simple tool for the retrofit 
of those bridges, which is direct and easy to use by engineers. By setting an objective for the 
structure’s displacement and force it can be applied to pick any type of damper for such 
structures based on the demand. 
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CHAPTER 2. STATE OF THE ART 
2.1 General Framing 
Base isolation of structures has an ancient history when the tomb of Cyrus was base isolated 
by two layers of smoothened rocks sliding on each other to withstand the ground shakes 
(Islam et al., 2011). In recent years, with developed methods of analysis and design for 
structures along with new and more reliable technologies, base isolation has been integrated 
widely in building and bridge structures.  
Behavior of the isolated structures against seismic forces has been subject of many researches 
and is briefly discussed in this chapter. Seismic isolation of bridge structures offers better 
behavior in comparison with some non-isolated structures on some soil types subject to 
earthquake loads. Performing a parametric study, as discussed in chapter 4 showed that it is 
very interesting to use an isolation system for bridges with high importance in performance 
after a major earthquake. In most cases, isolation system is interesting to reduce the total base 
shear on the substructure. This is generally true on sites with rock or very stiff soils and very 
stiff substructure composition (Thakkar and Maheshwari, 1995).  
In isolation design, the elastic seismic response is directly related to the elastic ground 
response spectra since it is desired to add flexibility and damping to reduce the ductility 
demand on the substructures. Based on this, for isolated long period bridges, design is less 
conservative compared to conventional design method (CSA S6, 2006). 
The structural behavior of isolated bridges is a subject of close investigation since several 
factors, as for example axial base shear levels, large displacements, and temperature, might 
affect the dynamic response of the isolators. Thus, modeling of this kind of elements might not 
be any easy task and a progressive refinement of the structural model should be adopted in 
order to simplify the design process.  
In isolated structures, specifically for small to medium span typical bridges, displacement 
demand tends to increase significantly as compared to non-isolated bridge and results in 
expansion joints with very large movement range demand which increases the operation and 
maintenance (O&M) cost. 
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In order to reduce displacement demand of an isolated bridge, supplemental dampers can be 
installed in a structure. Because the application of isolation system methods to bridge 
structures introduces an additional damping to the structure, it is important to assess the 
impact of damping and if applicable, added stiffness to the bridges.  There are some 
restrictions coming with supplementing the isolated bridges with dampers. Kelly (1999) has 
pointed out that the extra viscous dampers may increase significantly the higher-mode 
response in the structures. It has also been shown by Jangid and Kelly (2001) that 
supplemental damping can increase seismic loads in certain cases. Therefore, it is important to 
make an appropriate choice of the optimal mechanical properties of damping devices. For the 
optimal distribution of energy dissipating devices, Ashour and Hanson (1987) proposed 
configurations giving the highest damping ratio of the fundamental mode of the structure.  
In the following sections, first design issues related to conventional and base isolated bridges 
under seismic loading are discussed and later different types of isolation and damping systems 
are considered. Finally, constitutive laws for isolation systems and analysis methods are 
reviewed.  
2.2 Conventional bridges and issues with their analysis and design  
Conventional bridges are designed considering the fact that the whole lateral load is conveyed 
to the substructure. In certain areas of Canada, seismic loads can be very high and seismic 
rehabilitation of existing bridges is inevitable and very expensive. A standard method of 
rehabilitation is to provide the existing structure with steel, concrete or fiber reinforced plastic 
jackets in order to increase strength and ductility of piers that are the main resisting members 
to earthquake.  
One of the problems in seismic retrofit is the foundation. Retrofit of foundation is always very 
difficult and expensive. In fact, the force in the capacity protected elements such as the 
foundations are to be calculated with either the elastic seismic force or using the capacity 
design philosophy. The former type would result in very high forces in the case of non-
isolated structure. For the capacity design method, the required capacity of foundations is 
likely to increase because pier strength may increase during its retrofit.  
An additional interest rises from the use of importance factor for the seismic design. For 
example, for most important bridges one has to design the bridge for seismic forces three 
times higher than for a standard bridge (CSA S6, 2006). The general idea of the importance 
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factor is to improve performance of bridges and not the seismic forces. However, when a 
lifeline bridge is to be retrofitted, the importance factor increases the seismic force at a level 
that is very expensive to protect against.  
The above mentioned issues with the design of conventional bridges in some cases lead to 
considering base isolation as a method to simplify the design or the retrofit of the bridge. 
2.3 Design and analysis requirements in codes  
Several codes have addressed the issue of structural base isolation. Parameters of analysis and 
design of such elements and the structure itself have been vastly discussed in codes like 
American Association of State Highway and Transportation Officials-AASHTO LRFD Bridge 
Design Specifications (AASHTO, 2007 and 2012), AASHTO guide specifications for seismic 
isolation design (2010), National Building Code of Canada (NBCC, 2015), CSA S6 (2006, 
2014), and Eurocode 8 - Design of Structures for Earthquake Resistance - Bridges (BSI, 
2005). Bridges that are designed and detailed in accordance with these provisions may suffer 
damage, but should have low probability of collapse due to seismically induced ground 
shaking. 
2.3.1 Seismic design principles in codes 
The philosophy for developing design specifications of bridges depends on various criteria 
defining their performance based on their importance category in case of seismic events. Force 
based design and displacement based design are determined in a way that the required 
performance of the bridge is met. In recent years, it has become more crucial to understand the 
behavior of the structures under flexible performance criteria. These criteria are established to 
account for the design and retrofit of the bridges. For the force based design, CSA S6 (2014) 
implies a consistency between its results and the performance based design with risk of 2% 
probability of exceedance in 50 years (Commentary on CSA S6, 2014). Under this philosophy, 
capacity design is used for the seismic design of capacity protected members assuming unity 
for the importance factor and modification factor. The structural elements designed by this 
design method should not experience a significant damage and should resist small to moderate 
realistic seismic ground motion intensities and forces within the elastic range of the 
components. No collapse of all or part of the bridge exposed to large earthquakes is expected 
and any damages should be readily noticeable and accessible for inspection and repair. 
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2.3.2 Peak ground acceleration and uniform hazard spectrum  
Ground motion is measured in different ways. Peak ground acceleration (PGA) is the preferred 
parameter for earthquake ground motion, but it does not correlate well with actual damage 
levels. The peak horizontal ground acceleration (PHA), as defined in the National Building 
Code of Canada (NBCC 2005 and earlier), has been used in CSA S6 (2006 and earlier) as a 
mean to determine zonal acceleration ratio. It is based on statistical analyses of historical 
earthquakes signifying an earthquake event with a 10% probability of exceedance in 50 years. 
This parameter allows making use of the AASHTO design spectra and procedures as well.  
Considering PGA alone does not take into account the individual character of the hazard at the 
site whether it is dominated by small close earthquakes or large distant ones. Therefore, at 
some frequency values, the hazard will be over-estimated while at others it will be 
underestimated (El Sebai, 2009). For moderate earthquakes, PGA is a reasonably good 
determinant of damage while in severe earthquakes peak ground velocity (PGV) is often a 
better damage indicator. Taking PGA alone as a principal seismic design parameter 
underestimates the effects of seismic hazards with low acceleration/velocity (a/v) ratios. It was 
shown by Naumoski et al. (2000) that in eastern Canada, where ground motions normally have 
a high to intermediate (a/v) ratios, taking PGA alone to consider the seismic hazard might be 
sufficient.  However, in western Canada where earthquakes with lower (a/v) ratio often occurs, 
it may be necessary to consider PGV as well in the determination of the seismic hazard. 
An alternative option for PGA is to calculate the hazard separately for various earthquakes in 
terms of magnitude and distance from site on a range of frequencies. Consequently a spectrum 
is built up that reflects the real levels of hazard at the site at all frequencies. This is known as a 
Uniform Risk Spectrum (URS) or Uniform Hazard Spectrum (UHS). For the same probability 
of exceedance of the ground motion spectra at different periods, the spectral acceleration gives 
the UHS (Heidebrecht, 2003). El Sebai (2009) made a comprehensive comparison of some 
seismic code provisions for bridges by analyzing a two span bridge according to each code. 
Based on the codes for two site classes in three metropolitan areas in Canada, the response 
spectra were plotted. It was found that seismic design spectra based on the UHS spectral 
accelerations has a better precision and that these spectra should be incorporated in the current 
codes. 
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Code CSA S6 (2006) considers PHA contours to determine the zonal acceleration ratios while 
this has been enhanced in CSA S6 (2014) where unique UHS are presented for different 
probabilities of exceedance and soil type.  
2.3.3 Seismic parameters 
The key parameter in the seismic design is the elastic seismic response coefficient, which 
depicts the seismic hazard at a site. Codes have proposed similar equations to calculate this 
coefficient. The ductility however is considered differently in various codes. In the following, 
the provisions for the calculation of seismic response coefficient for isolated and non-isolated 
bridges are discussed briefly for different codes. 
2.3.3.1 Eurocode 8 
The shape of the elastic response spectrum in Eurocode 8 (2005) is taken as being the same for 
the two levels of no-collapse requirement (ultimate limit state design) and for the damage 
limitation requirement. The Importance factor in this code is used to reflect the impact of a 
bridge failure on the society. This factor modifies the design hazard level (Fardis et al., 2005). 
For non-isolated structures, the elastic response spectrum Se (T) is defined by four expressions 
at four ranges of period of a linear single-degree-of-freedom system. Soil factor, design 
ground acceleration (ag) on rock or other rock-like ground types  determined at a probability of 
exceedance of 10% in 50 years and the damping correction factor are three parameters that 
define the coefficient. The first descending branch of the elastic response spectrum is inversely 
proportional to the period (1/T) and the second branch up to T=4s is inversely proportional to 
the second order of the period (1/T2). If deep geology is not accounted for, two types of 
spectra are used. Deep geology features describe the geological settings characterizing the site 
on the scale of kilometers (Trifunac and Brady 1975).  For shallow or local soil conditions 
with site geotechnical description on the scale of tens of meters (Bulajić et al., 2013) with the 
purpose of probabilistic hazard assessment, the earthquakes that contribute most to the seismic 
hazard go with a different type of spectrum. For earthquakes having a surface-wave 
magnitude, Ms, greater than 5.5, type one is adopted and for Ms less than 5.5, type two is 
adopted. Figure 2.1 shows the spectra type one and two for different soil types.  
By introducing the behavior factor q, a design spectrum reduced with respect to the elastic 
spectrum is defined.  This accounts for elastic structural analysis and the capacity of the 
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structure to dissipate energy through mainly ductile behavior of its elements or other 
mechanisms. Behavior factor q, for various materials and structural systems is given according 
to the relevant ductility classes in the various parts of EN 1998 and accounts for the influence 
of the structural viscous damping.  
 
(a)                                                                        (b) 
Figure 2.1. Eurocode spectra type one (a) and two (b) (Eurocode 8, 2005) 
 
This design spectrum, according to the code, is not sufficient for the design of structures with 
base-isolation or energy-dissipation systems. For the case of base isolation, the effective 
damping and stiffness of the isolators affect and modify the elastic response spectrum, which 
is different from the design spectrum of the non-isolated bridges. 
2.3.3.2 CSA S6 (2006) and AASHTO (2007 and earlier)  
According to the “Recommended Provisions for the Development of Seismic Regulations for 
Buildings” prepared by the National Earthquake Hazards Reduction Program (NEHRP, 1998), 
the design spectra are defined by the Peak Ground Acceleration (PGA) and Peak Ground 
Velocity (PGV). Later, AASHTO brought a modification to the spectra by taking the PGA 
only and similarly the CSA S6 (2006) adopted the same approach (CSA S6 commentary, 
2006). The zonal acceleration ratio in CSA S6 (2006) is based on the PHA from NBCC (1995) 
representing an earthquake event with a 10% probability of exceedance in 50 years.  
With a slight difference in the application of importance factor, between CSA and AASHTO, 
the rest of the parameters are defined in the same manner. In CSA S6 (2006), the importance 
factor is explicitly included in the equation of the elastic seismic response coefficient, while 
this factor in AASHTO is incorporated with the response modification factor. For non-isolated 
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structures, the elastic response spectrum Csm is defined by four expressions at four ranges of 
period of a linear single-degree-of-freedom (SDOF) system. The first descending branch of 
the spectrum is inversely proportional to the 2/3 order of period (1/T2/3) and for the branch 
greater than T=4s the spectrum is inversely proportional to the 4/3 order of the period (1/T4/3). 
Csm for different soil types is presented in Figure 2.2. 
 
Figure 2.2. Elastic response coefficient for various soil types (CSA S6, 2006) 
 
The descending branch with the rate of 1/T2/3 gives a spectrum that is conservative and greater 
than a spectrum with the rate of 1/T. For longer periods, 1/T is better approximation to the 
spectrum than 1/T2/3. CSA S6 (2006) justifies this conservatism mentioning that in higher 
periods of bridges, they have more instability issues and most of the ductility demand will be 
concentrated in a few columns. 
In both codes, the response modification factor R, which is also known as ductility factor, is 
used to account for capacity of energy dissipation and redundancy in the bridge substructure. 
The ductility factor is in the range between 2 for less ductile elements to 5 for more ductile 
elements.  
In the design of base isolated structures, it is intended to lower the seismic loads by increasing 
the fundamental period of vibration. The concept of using base isolation is adding flexibility 
and energy dissipation. However, certain rigidity under low lateral loads should be 
maintained. The design application of such systems is shown in Figure 1.1. Ductility factor in 
isolated bridges is limited to 1.5, which is identical to the factor for a non-isolated bridge with 
damage limited to cosmetic levels. Otherwise, for a damage free bridge, this factor is limited 
to 1.  
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For isolated bridges, the elastic coefficient for the seismic design is in direct relation with the 
elastic ground response spectra and since there is much reduced ductility demand on the 
substructure, the elastic coefficient does not need to be conservative as it is for non-isolated 
bridges. That is why, for isolated bridges, the descending branch of the spectrum is taken 
inversely proportional to the period (1/T) and since no damage is expected on the structure, the 
importance factor is not accounted for. The coefficient of elastic response of isolated 
structures as defined in CSA S6 (2006) is: 
 C′sm =
ASi
BTe
 (2.1) 
Where A is the zonal acceleration ratio, Si is site coefficient for isolated structures and Te is 
the damped natural period of vibration of a SDOF system with a mass m given by (Priestley et 
al. 1996): 
 Te = 2π√
m
Keff(1 − ξeq
2)
 (2.2) 
Where 𝜉eq and keff are the equivalent damping ratio and the effective stiffness of the system. 
The damping coefficient B, which is used in the AASHTO (2010) and the NEHRP 
Recommended Provisions (2003), is also known as damping reduction factor (Lin and Chang, 
2004) and can be calculated by equation 2.3: 
 B = (
ξeq
0.05
)
0.3
≥ 0.02 (2.3) 
2.3.3.3 AASHTO (2010 and 2012) 
AASHTO 2010 and 2012, in conformity with ASCE (2010), recommends that the long-period 
portion of the response spectrum is inversely proportional to the period, (1/T) compared to 
(1/T2/3) in the previous editions of AASHTO. For the same ground acceleration and soil type, 
this gives smaller spectral accelerations for periods greater than T=1s. Furthermore, the 
acceleration spectrum becomes inversely proportional to the second order of period (1/T2) for 
periods greater than T=3s. For these periods, in certain seismic zones, the spectral 
displacement has been observed tending to a constant value (AASHTO 2012). This gives more 
conservative results for bridges with periods greater than 3s. 
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AASHTO Guide Specifications for Seismic Isolation Design (2010) uses SD1 as a product of 
horizontal response spectral acceleration coefficient at T=1s on rock (S1) and the site factor 
for long period range of the design response spectrum (Fv) in lieu of ASi as outlined in CSA 
S6 (2006). The elastic seismic response coefficient is shown as per this code in Figure 2.3. 
 
Figure 2.3. Definition of Csm in AASHTO (2010) 
 
2.3.3.4 CSA S6 (2014) 
The basis to determine the seismic hazard in the 2006 edition of CSA S6 and its previous 
editions was the 10% in 50-year probability of exceedance, (return period of 475 years).   
Seismic hazard levels in the 2014 version of CSA S6 are at 2%, 5% and 10% probability of 
exceedance in 50 years for the performance assessment of bridges. For all three return periods, 
the spectral response accelerations are presented with 5% damping up to 10s. 
The horizontal spectral response acceleration values in the National Building Code of Canada 
(2015) are given on the website of the Geological Survey of Canada 
(www.earthquakescanada.ca). The uniform hazard spectral acceleration values at periods 0.2s, 
0.5s, 1.0s, 2.0s, 5.0s and 10s are given for each seismic hazard level which is modifiable for 
each site. The values between the designated periods can be obtained by interpolation that may 
cause some conservatism, especially in longer periods. The decaying branch of the spectral 
acceleration can be shown as a function of (1/T2) for periods greater than 2s.  
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2.4 Base isolation issues and available systems 
In the choice of isolation bearing, the most important parameters are its capability of carrying 
vertical loads, capacity to return to its original form (self-centering), its status at yielding point 
(For some isolators) and the capacity in deformation under lateral loadings. The external 
influencing factors on the response of an isolation bearing could be the intensity of 
earthquakes, frequency content of the spectra and soil type of the site. Based on the findings 
from analysis results for isolated bridges subjected to near fault earthquake, Dicleli (2006) 
recommended that the characteristic strength and post-elastic stiffness of the isolator may be 
chosen based on the characteristics of the near-fault earthquake. Reinhorn et al. (1998) studied 
the interaction between the isolation system and the bridge structure. It was recognized that 
due to low redundancy and domination of the deck mode of vibration, isolated bridges are 
extremely sensitive to the characteristics of the ground motion. 
Considering the functionality of isolation systems in structures and more particularly in 
bridges, elastomeric bearings and sliding bearings are two major categories of isolation 
systems to be used. The isolators made of elastomer in shear deformation can isolate a 
structure by shifting its period of vibration to a higher period, which can prevent the 
concurrence of dominant excitation frequency and natural period of the structure. The other 
category, however, isolate a structure based on sliding friction. Although the system is stiff in 
the vertical direction, it is capable of moving from side to side and shifts the fundamental 
period of the structure to a higher value. Both categories can add horizontal flexibility to the 
structure and each can dissipate the seismic energy to a designated rate. They are both 
designed such that they can support vertically the structure without much flexibility in this 
direction. Several types of isolation systems have been designed that benefit from either or 
both isolator categories.  
2.4.1  Elastomeric bearings 
The use of laminated rubber bearing (LRB), which consists of rubber and steel plate disposed 
alternately, in bridges, provides a very effective passive method to reduce hazard from 
earthquake-induced vibration. By interposing a layer of low horizontal stiffness between 
structure and foundation, they decouple the structure from the horizontal earthquake ground 
motion and hence most of the energy from the earthquakes is not absorbed by the structure. In 
contrast, they are stiff in the vertical direction to carry the weight of the superstructure. They 
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demonstrate a low damping effect (less than 10 %), (Gupta et al. 2014) which is variable with 
the strain level of the bearing. Their stiffness also depends on the strain level. Figure 2.4 
shows the dependency of stiffness and damping of an LRB to the strain level.  
Tongaonkar and Jangid (2000) investigated the effectiveness of elastomeric bearings for 
seismic isolation of bridges. 
 
Figure 2.4. Behavior of an LRB bearing at different strain levels 
 
A parametric study was conducted to investigate the effects of bearing parameters (such as 
stiffness and damping characteristics) on the effectiveness of isolation for the bridge system. It 
was shown that the elastomeric bearings are quite effective in reducing the seismic response of 
bridges. Further, the effectiveness of the elastomeric bearings is significantly influenced by the 
stiffness and damping properties. 
A variation to LRB is high damping rubber system (HDRS) made of a modified rubber 
compound that offers higher damping characteristics due to the strain crystallization process in 
the rubber (Naeim and Kelly 1999). They can have damping ratios higher than 10%. This type 
of isolators includes thin steel plate layers alternately set with layers of rubber treated with 
sulphur and exposed to high temperatures to increase its durability and elasticity. 
By adding a central lead core to LRB, we would have another category of elastomeric bearings 
known as lead-rubber bearings with more restoring force and energy dissipation thanks to 
approximately elasto-plastic solid behavior of lead which yields at a relatively low stress of 
about 10 MPa in shear Ando et al. (1998). Lead with the purity of 99.9% is resistant against 
fatigue during cyclic loading. 
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Figure 2.5. Elastomeric isolation bearings 
 
Ando et al. (1998) conducted forced and free vibration tests on Ohito Viaduct Bridge, 
seismically isolated by lead-rubber bearings, to study the behavior of the bridge. The resonant 
frequencies were found to depend significantly on exciting force because of amplitude 
dependence of equivalent stiffness isolator. It was also reported that stiffness of these isolators 
depends strongly on displacement amplitude even in linear range as it was shown for LRBs in 
Figure 2.4. 
By using a combined system of lead-rubber bearings with elastomeric bearings, Turkington et 
al. (1989) studied the response of two and four-span bridges under real earthquake ground 
motion. It was shown that the system could efficiently distribute seismic forces between 
abutment and pier. It was also shown that the presence of lead shifts the natural period of the 
structure and increases the amount of damping, which reduces the displacement response.  
Further studies were performed by Yong et al. (2008) who developed a real-time substructure 
hybrid test system based on velocity loading concept to verify the isolation effects of natural 
rubber (NR), high-damping rubber (HDR) and super-high-damping rubber (HDR-S) bearing 
isolators in bridge structure. It was verified that one of the characteristics of these isolators is 
their velocity-dependent performance, and high dependence on the rate of loading.  
2.4.2  Sliding (Frictional) isolation systems 
Employing sliding isolation systems as an effective technique for seismic isolation has largely 
been considered in both building and bridge structures. Compared to elastomeric bearings, 
they are more effective on a larger frequency content of earthquakes. Being insensitive to the 
frequency content and efficient in reducing a large level of superstructure acceleration, they 
perform adequately under severe earthquake loading. Sugiyama (2000) compared dynamic 
characteristics for a bridge with sliding type isolation system and a bridge with a LRB type 
system under earthquake motion. It was shown that, from the point of view of reduction of the 
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superstructure acceleration, a sliding type base isolation system is more effective than a LRB 
in the case that a strong earthquake affects the bridge although the relative displacement 
between the superstructure and the substructure is considerably larger. However, no 
significant difference was recognized between these two types of base isolation systems in the 
case of a relatively weak earthquake. 
In sliding bearings, the frictional force is proportional to the mass of the structure, and the 
center of resistance and the center of mass of the structure will coincide. One of the simple 
configurations of this type is the pure friction system developed for low-rise housing 
(Xiaoming, 1989) that consisted of two friction surfaces at a joint for the decoupling of 
substructure from superstructure. Another type of sliding system proposed by Mostaghel and 
Khodaverdian (1987) is the resilient-friction base isolation (R-FBI) that consisted of a central 
core of rubber and concentric layers of Teflon-coated plates acting in friction on each other.  
 
Figure 2.6. Sliding type isolation systems (Khodaverdian, 1987) 
 
To control superstructure displacements in bridges, it is necessary to provide a self-centering 
mechanism to sliding bearings. An isolation system consisting of multi-directional sliding 
Teflon bearings and displacement control devices was proposed by Constantinou et al. (1991). 
The displacement control devices provide re-centering capability and displacement control 
during earthquakes and rigidity under service loads. It was observed that the device could 
provide important rigidity to a bridge deck for service loads up to 5% of deck weight and 
displacement control and significant energy dissipation in strong earthquake motions of 0.6g-
peak acceleration. It is also reported that combined sliding disc bearing and displacement 
control isolation system reduced the deck inertia forces by a factor of 2.5 in comparison to a 
conventional design. 
A combination of sliding concept and pendulum effect has resulted in the development of 
friction pendulum system (FPS) where the isolation is achieved by a concave circular chrome 
sliding surface on which there is an articulated slider attached to the opposing plate 
(Figure 2.7).  
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Maximum sliding friction coefficient of 0.1 at higher velocities and 0.05 at lower velocities 
dependent on the material can be obtained by this system. By choosing different radius of 
curvature for the sliding concave surface, the period of the structure can be readily selected. 
The estimated response of FPS bearings is affected by the modeling assumptions. Idealizing 
the system in a unidirectional configuration, the uncoupled force-deformation response of the 
FPS is typically the sum of friction force, Fμ and recentering force FR, as in equation 2.4 
(Zayas et al. 1987). 
 
Figure 2.7. Sliding type isolation systems (FPS System) 
 
 
 
 
𝐹𝐹𝑃𝑆 = 𝑁. 𝜇𝑓. 𝑠𝑔𝑛(?̇?) +
𝑁
𝑅
 𝛿 
(2.4) 
where N is the force normal to the surface, μf is the constant coefficient of friction, R is the 
radius of the concave surface, δ is the sliding deformation, ?̇? is the sliding velocity, and sgn(?̇?) 
is the signum function. The signum function is equal to +1 or -1 depending on whether ?̇? is 
negative or positive, respectively.  
Subsequently, Tsopelas et al. (1996) carried out experimental study of seismically isolated 
bridges using spherically shaped FPS bearings, which demonstrated a considerable 
enhancement in the response and the ability of the isolated bridge to withstand seismic 
excitation under elastic condition of the structure.   
F FR 
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2.5 Passive energy dissipating devices 
Energy dissipating devices, also known as dampers, can be split into two categories. The first 
category is composed of dampers that can go under vertical load of the structure and perform 
as both isolation and damping device. This type includes the sliding isolators that need surface 
normal load to be activated. On the other hand, the other category is composed of dampers that 
do not take vertical loading and perform solely as damping device for lateral seismic loadings 
without any participation in isolation. Design of passive dampers is governed typically by their 
force-deformation characteristics and the characteristics of the isolated or non-isolated bridges 
on which they are installed. 
Dampers are used to dissipate the energy from loading in the horizontal direction (wind, 
earthquake) or in the vertical direction (vertical component of earthquake). Depending on the 
type of damper, they add certain stiffness and damping to the structure which accounts for 
more controllability on the response of a bridge structure. It is a crucial objective to reach to a 
point where the added damping and stiffness are optimally balanced. However, by employing 
conventional devices it is not an easy task to govern these mechanisms individually.  
The four major groups of dampers currently used are metallic dampers with plastic hinge 
mechanisms, dampers in friction, dampers employing viscous properties of fluids, and 
dampers employing viscous properties of solid elements. Each group of dampers has specific 
characteristics, advantages and disadvantages for structural applications. Design engineers 
need to understand the static and dynamic behavior of the device being used. 
In the sequel, a brief description of such passive energy dissipation devices along with their 
applications for seismic design is presented.  
2.5.1 Fluid viscous dampers (FVDs)  
In FVDs, compressible silicon oil flows through orifices with high velocity, generating heat 
that is radiated into the surrounding air. This hydrodynamic process dissipates the seismic 
energy. These dampers are extensively used in several industries and also as damping 
elements in bridges. Viscous fluid dampers can be designed to have linear or nonlinear viscous 
behavior (Terenzi, 1999). FVDs add viscous damping to the structure, and can reduce 
acceleration and displacement in a wide range of structure frequency. They help reduce 
displacement without increasing the structure’s frequency and do not directly add to the 
maximum forces developed in the main structural elements. (Reinhorn et al. 1995) 
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2.5.2 Solid viscoelastic dampers (VEDs) 
VEDs add both stiffness and damping to the structures using inelastic deformation of 
polymers confined between steel elements. Their application in the decrease of seismic 
response has been studied and proposed for the retrofit of structures as well as equipping the 
new structures. (Hanson, 1993; Bracci et al., 1993) 
As an innovative device, Ibrahim (2005) proposed a visco-plastic system combined of a 
viscoelastic material and steel metallic damper, which allows the designers to control stiffness 
and damping. It works as a viscoelastic damper at low levels of excitation, and for extreme 
levels of vibration, operates as a combined viscoelastic and metallic yielding device. The 
device was found to considerably enhance the response of the structure under low to high 
vibrations. 
2.5.3 Hysteretic metallic yielding dampers (MYD) 
Deformation of structural members beyond their elastic limits (normally ductile steel or lead 
elements) is the principle in the concept of hysteretic dampers. In this approach, some 
elements of the structures, acting as dampers, yield under extreme loadings so that the key 
elements of the structure remain safe and undamaged. Considerable portion of the energy 
exerted by the earthquake can be absorbed and dissipated at designated places in a structure by 
yielding of metallic elements with hysteretic behavior (Moreschi and Singh, 2003). These 
elements are more economical than most types of dampers and new ones in case of damage 
can easily replace them. The early studies on employing these elements have been done by 
Kelly et al. (1972). 
The concept of metallic yielding dampers (MYD) is relatively known to structural engineers 
as it is the same as typical steel seismic force resistive elements such as steel moment frames 
and braces. In steel moment frames, beam-column connections yield and absorb the seismic 
energy. The braces can buckle to absorb the seismic energy.  
A typical MYD may consist of one or several metallic members, usually made of mild steel, 
which are subject to axial, bending, or torsional deformation, depending on the type of 
application. Robinson (1982) and Skinner et al. (1993) showed that one method for 
augmenting energy dissipation is to supplement external components such as lead plugs 
inserted in the bearing to dissipate the seismic energy by yielding in shear as discussed in lead 
rubber bearing isolation systems. Lead has an advantage over steel that has less shear 
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deformation capacity. This however, shall not restrict the designers from employing steel 
dampers in different forms where deformation in flexure or even torsion is intended. Steel is 
easy to access and recycle, and it is also economic and durable.  In a research on the effects of 
a steel damper on a bridge, Maleki and Bagheri (2010) showed that the steel dampers can 
efficiently minimize the displacement demand and the maximum stress of the superstructure 
of a bridge by supplying great energy dissipating capacity. Steel dampers have been reported 
and demonstrated efficient in the reduction of damage due to earthquake on bridge structures 
where there is significant deformation demands. (Chen et al., 2001) 
Different types of steel dampers, mostly developed for building structures, which have lower 
deformation demands compared to bridges, include flexural deformation dampers (Stiemer et 
al., 1981), triangular dampers (Bergman and Goel, 1987), torsional beam (Skinner et al., 1975) 
and U shape steel strips (Aguirre and Sánchez, 1992).  Cyclic tests of U shape hysteretic 
dampers under diverse strain velocities and temperature have been conducted by Suzuki et al. 
(2005). These tests presented a stable hysteretic response, even for high deformations in the 
two perpendicular horizontal directions. To reduce the seismic demands of low or medium rise 
structures, Oh et al. (2012) tested U shape hysteretic dampers in base isolation systems. These 
were made of high toughness steel with chemical composition different from ordinary 
structural steel. The test results for these dampers in combination with laminated rubber 
bearings also showed a stable hysteretic response at large displacement levels. Pan et al. 
(2014) developed a new type of steel dampers for bridges which allows large displacement 
through a vertical free mechanism and decreases the earthquake responses of bridges to a great 
extent. This damper shows a stable hysteretic performance under cyclic loading and has great 
capacity in dissipating seismic energy. 
The choice between different types of metallic yield dampers usually depends on location, 
available space, connection with the structure, and force and displacement levels. Figure 2.8 
shows the position of one simple steel damper on a bridge. 
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Figure 2.8. Steel bar damper installed with rubber isolation bearing (www.civildigital.com) 
 
Li (1989) developed a procedure for optimal design of bridge isolation system with hysteretic 
dampers and studied the response of a typical three-span bridge structure with a seismic 
isolation system consisting of rubber bearings and hysteretic dissipaters in longitudinal 
direction. It was concluded that the effectiveness of hysteretic dampers decreases with 
increasing flexibility of the supporting structure. It was also concluded that the larger the value 
of maximum allowed isolator displacements is used, the more effective is the isolation system.  
Considering all advantages and disadvantages of theses dampers, steel hysteretic dampers are 
typically cheaper and easy to access, but the main drawback in the use of these dampers is that 
they increase the stiffness, which might result in increase of base shear in the structure. 
Moreover, they are typically not as effective as more complex damping devices.  
2.5.4 Hysteretic friction dampers 
Friction between two sliding surfaces that can be either flat or curved develops a resistance 
that can dissipate the lateral seismic energy in a hysteretic manner and produce heat. In these 
dampers, pioneered in civil engineering by Pall et al. (1980), the normal force on the surface 
can either be provided by the vertical dead and live loads of the structure or can be provided 
by high strength bolts with slotted holes that snug the two surfaces in a tight position 
regardless of any weight or other external forces. These types of hysteretic dampers are quite 
efficient and show stable hysteresis loops when they are exposed to seismic ground excitations 
with a wide range of frequency content (Cherry and Filiatrault, 1993). 
2.6 Constitutive laws for isolation and damping devices  
In order to provide a logical basis for numerical methods of analysis and design, it is vital to 
have a comprehensive understanding of the behavior of isolation and damping devices. This 
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can be achieved by characterization test protocols in the first place that can be performed in 
accordance to design specifications. CSA S6 (2006& 2014), for example, provides a 
comprehensive set of tests to both establish the design properties of the system and then 
determine the adequacy of the tested properties. These properties are used to establish the 
mathematical constitutive laws for the isolation devices. Due to the variety of systems and 
their variation under different conditions, these constitutive laws are not exact and 
approximate the systems with an acceptable precision. In the equation of motion of a SDOF 
system (2.5) under the ground excitation force f(t), with a hysteretic element where the 
restoring force F(t) is produced, we have: 
 
  mü(t) + cu̇(t) + F(t) = f(t) (2.5)   
 
 
Where, m is the mass, u is the displacement and c is the linear viscous damping coefficient. 
To approximate the mechanical behavior of an isolation bearing that has a restoring force F(t), 
the Bouc-Wen model (Bouc, 1967; Wen, 1976; Baber and Wen, 1981; Wong et al., 1994, 
Marano and Sgobba, 2007) and the bilinear model (Stehmeyer and Rizos, 2007; Lin and 
Shenton, 1992; Roussis et al., 2003; Jangid, 2007; Katsaras et al., 2007; Warn and Whittaker, 
2006) have been most commonly used. In contrast to the bilinear model, the Bouc-Wen model 
can simulate the smooth transition from elastic to plastic behavior and many kinds of 
hysteretic loops can be generated using different combinations of model parameters. Bouc–
Wen model defines the restoring force as: 
 
 F(t) = Kel [
Kpl
Kel
u(t) + (1 −
Kpl
Kel
) z(t)] (2.6) 
Where 
Kpl
Kel
 is the ratio of elastic to plastic stiffness of the hysteretic system and z(t) with the 
dimensions of length is the internal hysteretic displacement variable following the nonlinear 
differential equation 2.7 with zero initial condition that has a range of |z|≤1 with the yield 
surface of |z|=1: 
 ż(t) = u̇(t){A𝑠 − [τ. sign(z(t)u̇(t)) + β]. |z(t)|
𝑒𝑥𝑝} (2.7) 
Where As, τ and β are the shape parameters of the hysteretic loop and exp can be any positive 
real number, which retrieves the elasto-plastic hysteresis in infinity. For structural and 
practical reasons, it is recommended that exp is limited to 20 (CSI Analysis reference, 2013) 
Elastic Hysteretic 
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and A=1 for removing the redundancy functionality of the Bouc–Wen model and τ=β=0.5 
(Park et al. 1986) 
For isolators with coupled plasticity properties in both directions, where shear deformations 
are coupled, the same Bouc-Wen model can be applied where z1 and z2 at both directions 
should satisfy√z12 + z22 ≤ 1. 
While the bilinear model can be thought of as one special case of the Bouc-Wen model, it can 
easily model any type of isolation bearing (Naeim and Kelly, 1999). In many studies, the bi-
linear hysteretic model has been used to represent the mechanical behavior of the isolation 
bearing. Despite greater capability of the Bouc-Wen model, bilinear model has more 
simplicity and can be applied to any type of isolation bearing.  For this reason, most design 
specifications make use of the bilinear model (Hwang et al., 1994, 1996). The bilinear force-
deformation idealization of isolators allowed by the specifications is based on the assumptions 
that the response is unidirectional and the normal force acting on the isolators is constant. 
Consequently, the unique response of the isolators may not be adequately captured with this 
simplified modeling approach. (Eroz, 2007) 
The enclosed area of a bilinear hysteretic loop of the isolation bearing is the dissipated energy, 
which depends on the maximum displacement of the bearing. Therefore, the effective damping 
of an isolation bearing varies depending on the characteristics of the ground motion. 
Based on the speed of the loading and the developed force in the structure, the damping of the 
structure can be obtained. By taking into account a bilinear characterization for any hysteretic 
system at different displacements, the defining components of the hysteresis loop can be 
determined. The AASHTO specification for isolated structures (2010) and CSA S6 (2006) 
provisions specify an equivalent linearization of the isolation bearing based on the bilinear 
model. Hwang et al. (1996) proposed that to obtain the effective stiffness Keff and equivalent 
damping of a hysteretic system ξeq, three parameters of elastic stiffness (Kel), strain hardening 
ratio (α=Kpl/Kel) and ductility ratio (μ=D/Dy) could be taken as variables and set to desirable 
values. Other parameters of the damping system are calculated accordingly. Equation 2.8 
shows the value of effective stiffness in a bilinear hysteresis model and equation 2.9 shows the 
equivalent damping in the same model.  
 Keff =
1 + α(μ − 1)
μ
kel (2.8) 
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 ξeq =
2(1 − α)(1 −
1
μ)
π[1 + α(μ − 1)]
 
(2.9) 
2.6.1 Equivalent linearization method 
Although it is more accurate to obtain maximum displacement demand through time-history 
analysis, in most cases it is possible to obtain reasonably accurate prediction of the behavior of 
simple isolated bridges with equivalent system (Shibata and Sozen, 1974). Equivalent linear 
models have been incorporated in many specifications at two levels. One is the equivalent 
linearization of the isolation bearing unit and damping unit, and the other is the equivalent 
linearization of the entire isolated bridge. Hwang and Chiou (1996) suggested an equivalent 
linear model for the seismic analysis of base isolated bridges with bilinear hysteretic bearings 
and modifications in the design specifications that can be readily applied by practicing 
engineers.  
Hwang and Sheng (1994) evaluated the effectiveness and equivalent damping ratio for an 
equivalent elastic system of bridge with lead-rubber bearings and concluded that the 
equivalent damping ratio determined using AASHTO procedure might decrease with respect 
to an increase of the inelastic deformation of lead-rubber bearings. Further, Hwang et al. 
(1994) also validated the equivalent linear model of the isolated bridge specified by California 
Department of Transportation (CALTRANS) based on their predictions of maximum inelastic 
seismic responses. 
Calvi and Pavese (1998) presented displacement-based design approaches using a linear 
equivalent single degree-of-freedom model. The preliminary design of an isolation system for 
existing bridges is based on the definition of a "structure regularity" which allows the 
estimation of whether the response of the real structure will be similar to that predicted in the 
preliminary design phase. The efficiency of the approach is also shown in designing the 
isolation system for a highly irregular bridge.  
Anderson and Mahin (1998) assumed a preliminary seismic design method for simple base-
isolated bridges based on conservation of displacement and energy for the long and short-
period ranges of structural response. The approach focuses on the estimation of overall 
displacements of the deck level of the bridge. This method overcomes the limitations of 
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equivalent linear idealization and more explicitly acknowledges the nonlinear inelastic 
behavior presented in the isolated systems. 
2.7 Analysis and design methods of isolated bridges 
The seismic demand on a highway bridge can be determined by several methods. These 
methods include: linear static procedures (e.g., equivalent static analysis), linear dynamic 
procedures (e.g., modal response spectrum analysis or modal time-history and direct time-
history analysis), nonlinear static procedures (e.g., direct displacement-based analysis, 
capacity spectrum analysis, and inelastic demand spectrum analysis), and nonlinear dynamic 
procedures (e.g., nonlinear time–history analysis). The conventional approach to seismic 
design of simple highway bridges employs linear static procedures in which the lateral seismic 
forces are initially determined by an elastic analysis and subsequently reduced to inelastic 
design force levels via a response modification factor. It should be noted that linear dynamic 
analysis is not well suited for structures of irregular configuration where nonlinear behavior is 
probable due to non-uniform distribution of seismic forces. 
In isolation system design, once the number of isolators and their characteristics are selected, 
it is important to determine the system response and to evaluate the cost for the isolation 
system. However, since the system response inherently depends on the characteristics of the 
isolators, an iterative trial-and-error process is generally required. A number of parameter 
values are assigned to the isolators during the bridge design and then nonlinear time history 
analyses are performed based on the selected design values. If the performance and cost do not 
meet certain goals, a new design is assigned and the procedure is repeated until the goals are 
met. 
2.7.1 Analysis methods 
Codes generally propose four methods of analysis for multi span bridges regardless of their 
regularity: Uniform load (UL) method, single mode (SM) method, multimode (MM) method 
and time history (TH) methods. All of these methods could use equivalent linearization of the 
properties of the isolation or damping system in case linear analysis is performed. In case 
nonlinear analysis is required, two methods of modal nonlinear time history analysis also 
known as fast nonlinear analysis (FNA) and direct integration nonlinear time history analysis 
are proposed.  
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2.7.1.1 Uniform load method 
This method takes into account the seismic load in both longitudinal and transversal directions 
of the bridge. The distributed load per unit length or width of the bridge is calculated by 
multiplying the elastic seismic coefficient to the weight per unit length of the bridge in any of 
the directions. 
 
F =  Csm ×
W
L
 (2.10) 
Csm depends on the natural period and is calculated from equation 2.2. 
2.7.1.2 Single-mode spectral method 
In this method, the fundamental mode of vibration of the bridge is considered. It consists of 
applying an arbitrary uniform horizontal load F1 to the structure and calculating the deformed 
shape, D(x). The force over the length or width of the bridge can be calculated as: 
 
F = Csm ×
∫ W(x)D(x)dx
∫ W(x)D(x)2dx
× W(x)D(x) (2.11) 
In equation 2.11, Csm can be calculated based on the period from equation 2.12: 
 
T = 2π√
∫ W(x)D(x)2dx
F1 g ∫ D(x)dx
 (2.12) 
2.7.1.3 Multi-mode spectral method  
Response spectrum analysis gives estimates of peak response by combining modal peak 
responses for closely spaced modes (within 10% of each other in terms of natural frequency) 
and thus a single value is obtained for each response quantity. Several methods can be used for 
combining the modal peak responses, the most well-known being the Complete Quadratic 
Combination (CQC) method, which is generally adequate for most bridge systems (Wilson et 
al., 1981). Other efficient methods are the Square Root of the Sum of the Squares (SRSS) 
method and, for closely spaced modes, the absolute sum of the modal responses.  
Employing inelastic response spectra and aiming at optimum balance between the shear forces 
transmitted to the supports and acceptable deck displacements for isolated highway bridges 
Ghobarah and Ali (1989) used the inelastic response spectra approach and proposed a simple 
and reasonably accurate design procedure for highway bridges. They presented simplified 
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charts that provide a design aid for new bridges as well as the retrofitting and upgrading of 
existing ones.  
For a simplified isolated bridge model, a two-DOF model could be constructed. The deck of 
the bridge is taken as a rigid solid element that is supported over the mid bents with isolation 
and damping elements. Considering effective stiffness of the isolation and the damping 
system, the structure of the bridge can be approximated with a two-DOF mathematical model 
in both longitudinal and transversal directions as shown in Figure 2.9.  
                                     
Figure 2.9. Two-DOF bridge structure 
 
The mass matrix for this system is: 
 
[M] = [
MDeck 0
0 MBent
] (2.13) 
The stiffness matrix is: 
 [K] = [
Ki&d −Ki&d
−Ki&d Ki&d + KBent
] (2.14) 
To calculate the circular frequency of the system, ω, the following determinant should be zero. 
 | [K]-[M] ω2|=0 (2.15) 
This equation yields the following equation: 
(MDeckMBent)ω
4 + (−KiMBent−KdMBent−KcMDeck−KiMDeck + KdMDeck)ω
2
+ (Kd+Ki)Kc = 0 
(2.16) 
Equation 2.16 gives two values of circular frequency matrix, ω1 and ω2 for the structure in 
each principal direction. 
Having the values of ω, and putting them in the following equation, the mode shape matrix of 
the structure [φ] could be deduced.  
 
[[K] − [M]ω1
2] × [
1
φ21
] = [
0
0
] (2.17) 
By introducing ω2 to equation 2.17, φ22 could also be calculated. Therefore, the matrix of the 
mode shapes will be: 
MDeck 
MBent 
Ki&
d 
KBent 
K11 
K21 
K12 
K22 
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 [φ] = [
1 1
φ21 φ22
] (2.18) 
The diagonal modal coordinate mass and stiffness can then be calculated by pre- and post 
multiplying by the mode shape matrix φ for the combined system: 
M = [
1 φ21
1 φ22
] [
MDeck 0
0 MBent
] [
1 1
φ21 φ22
] = [
M11 0
0 M22
] (2.19) 
K = [
1 φ21
1 φ22
] [
Ki&d −Ki&d
−Ki&d Ki&d + KBent
] [
1 1
φ21 φ22
] = [
K11 0
0 K22
] (2.20) 
Coefficient of stimulation for each mode can then be calculated by: 
Ln = [
1 φ21
1 φ22
] [
MDeck 0
0 MBent
] [
1 1
1 1
] = [
L1 0
0 L2
] (2.21) 
And from that the modal weight will be: 
 
Wn =
Ln
2
Mn
 g (2.22) 
The system composite damping ratio is obtained both by classical and non-classical damping 
assumptions. It is observed that the composite damping ratios determined on the basis of 
classical damping and non-classical damping are almost identical for seismically isolated 
bridges (Hwang et al., 1997). 
For structures made up of more than a single type of material, where the different materials 
provide extremely different energy loss mechanisms in various parts of the structure, the 
distribution of damping forces will not be similar to the distribution of the inertial and elastic 
forces; in other words, the resulting damping will be nonproportional. 
The sub matrices for the isolation level and substructure level will be given respectively by the 
following two equations: 
 Ci&d = a0i&d mi&d + a1i&d ki&d (2.23) 
 CBent = a0Bent m Bent + a1 Bent k Bent (2.24) 
In which the constant values of a0 and a1 are calculated in accordance with Rayleigh damping 
method: 
 
[
a0
a1
] =
2ξ
ωm + ωn
[
ωmωn
1
] (2.25) 
For which ξ for the substructure is taken to be 5% while for the parallel system of the isolator 
and damper combination the equivalent damping can be calculated by: 
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ξi&d =
Ki
Ki&d
ξi +
Kd
Ki&d
ξd (2.26) 
The values of a0 and a1 depend on the frequencies ωm and ωn, and the frequencies to be used 
have already been determined by solving the Eigen problem of the combined stiffness and 
mass matrices [K] and [M]. In these equations, the frequencies equal to the first and the 
second frequency of the structure in each direction are assumed. 
Having the values of a0 and a1, the values of Ci&d and CBent can be calculated, which gives the 
matrix [C].  
 
C = [
Ci&d 0
0 CBent
] (2.27) 
Introducing equation 2.27 in the equations of motion and transforming to normal coordinates 
by pre­ and post multiplying by the mode shape matrix φ for the combined system, leads to the 
modal coordinate equations of motion: 
  Mü + Cu̇ + Ku = f(t) (2.28) 
For which the modal coordinate damping matrix is not diagonal which includes modal 
coupling coefficients Cij (i ≠ j) because the matrix [C] is nonproportional. 
C = [
1 φ21
1 φ22
] [
Ci&d 0
0 CBent
] [
1 1
φ21 φ22
] = [
C11 C12
C21 C22
] (2.29) 
The modal damping ratios are then determined by: 
 
ξn =
Cn
2Mnωn
 (2.30) 
 Here in the damping matrix [C], the coupling terms are nonzero and the modal equations are 
coupled. To use classical modal analysis however, these coupling terms need to be neglected. 
Having the values of ξ for each mode, the damping reduction factor for each mode, B, for 
values of ξ ≥ 2 is calculated by equation 2.3. 
Having the values of Bn, the spectral acceleration for each mode San can be calculated. 
 
San = C′sm × g =
AgSi
BnTen
 (2.31) 
And also spectral displacement for each mode: 
 
Sdn =
San
ωn2
 (2.32) 
Having the parameters above, lateral displacement of the structure along with the acceleration 
and force in each mode is calculated by the following: 
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un = φn
Ln
Mn
Sdn (2.33) 
 
ün = φn
Ln
Mn
San (2.34) 
 Fn = M. ün (2.35) 
The base shear is calculated by adding the force at all levels or by the following equation: 
 
Vn =
Ln
2
Mn
San =
Wn
g
San (2.36) 
At this stage, the combination of the modal responses using CQC method is performed. For 
this, first the modal correlation coefficient is calculated: 
 
ρnm =
8 ξ2 (1 + r) r1.5
(1 − r2)2 + 4 ξ2 r (1 + r)2
 (2.37) 
Where r =
Tm
Tn
 and ξ is taken as 0.05. 
If r > 0.67; the two modes are coupled and the CQC method can be used. 
Thus, the base shear response and the displacement response are calculated by: 
 
V = √∑ Vn
2 + 2 ∑ ρnm VnVm (2.38) 
 
D = √∑ un2 + 2 ∑ ρnm unum (2.39) 
2.7.1.4 Time-history method 
Time history analysis provides a method for obtaining the dynamic response of a structure 
using step-by-step numerical integration of the equation of motion. Time-history analysis 
includes explicit consideration of the time domain (duration, pulse shape, pulse sequencing) 
and the peak response can be obtained directly from the absolute maximum value on a 
response-history plot. 
The ground acceleration is divided into small time steps and the response is calculated at the 
end of each time step while satisfying dynamic equilibrium. The ground acceleration is 
recorded at discrete fixed time steps while the solution may be sought at time steps other than 
at integer multiples of the ground acceleration. In such cases the ground acceleration can be 
linearly interpolated. 
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Important parameters of ground motions are the response spectral shape and content, the 
characteristics of ground motion, and the time length of the strong ground motion. These 
parameters are crucial in the choice of ground motion time histories for a site. If these time 
histories are similar in terms of spectral shape to the design spectrum, it will be easier in 
matching and scaling without having to change much the content of their spectrum. This is 
particularly important to account for, when the distance of the site from an active fault is 
small. It is also important to scale a time history to the proper level before matching it with the 
spectrum (AASHTO LRFD Bridge design specifications, 2012). 
CSA S6 (2006) specifies that for isolation systems where the effective damping exceeds 30%, 
a three-dimensional nonlinear time-history analysis shall be performed using the hysteresis 
curves of the isolation system. At least three appropriate sets of time-histories of ground 
motion are recommended for this analysis. Since it is desired that the whole structure remain 
elastic and the plastic deformation takes place in the level of isolation, their plastic properties 
should be entered in the analysis. Therefore, having nonlinear deformational characteristics of 
isolators and dampers from tests or other finite element analyses, the time history analysis can 
then be performed. 
2.7.2 Regularity of bridges and their analysis requirements 
AASHTO LRFD bridge design specifications (2012) notify that the selection of the method of 
analysis depends on seismic zone, regularity, and operational classification of the bridge. In 
this code, regularity is defined based on the number of spans and the distribution of weight 
and stiffness. For regular bridges, number of spans is limited to seven and criteria are provided 
for distribution of weight, stiffness and geometry. Table 2.1 presents AASHTO 
recommendations for the type of analysis for regular and irregular bridges of different 
importance. 
CSA S6 (2006) has the similar suppositions for regular bridges. Based on a parametric study, 
two simplified methods of the uniform load (UL) and single mode (SM) were compared to 
multimode (MM) method (Commentary on S6, 2006). Regularity of bridges was defined in 
both codes such that the use of the two approximate methods (UL or SM) causes errors of less 
than 10% in the response. 
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Table 2.1. Minimum analysis requirements (AASHTO, 2012) 
Seismic 
performance 
zone 
Critical bridges Essential bridges Other bridges 
Regular Irregular Regular Irregular Regular Irregular 
1   
No seismic 
Analysis 
No seismic 
Analysis 
No seismic 
Analysis 
No seismic 
Analysis 
2 MM MM SM/UL MM SM/UL SM 
3 MM TH MM MM SM/UL MM 
4 TH TH MM MM SM/UL MM 
 
These simple methods are used mostly for bridges with less than six spans and this is due to 
the role of higher modes as the number of spans increases (Table 2.2).  
 
Table 2.2. CSA S6-06 minimum analysis requirements 
Seismic 
performance 
zone 
Lifeline bridges Emergency route bridges Other bridges 
Regular Irregular Regular Irregular Regular Irregular 
1   
No seismic 
Analysis 
No seismic 
Analysis 
No seismic 
Analysis 
No seismic 
Analysis 
2 MM MM UL MM UL SM 
3 MM TH MM MM UL MM 
4 MM TH MM MM SM MM 
 
CSA S6 (2014) has a different approach. It considers three main seismic performance 
categories instead of four in the previous version.  For all three categories of importance and 
for both regular and irregular bridges, the code first defines what type of either performance 
based or force based design is needed. Second, based on the probability of exceedance (2 and 
5 % in 50 years) and (10% in 50 years), the minimum seismic analysis requirements are 
defined for both regular and irregular bridges under relevant importance category. Nonlinear 
static or dynamic analyses are only considered for the 2 and 5 % exceedance in 50 years in 
regular and irregular lifeline bridges as well as irregular major route bridges.  
2.8 Demand-capacity design methods 
In the context of base isolated bridges, the design of dampers depends on the required 
performance level, and on the overall response of the isolated-damped bridge when subjected 
to ground motions. The main procedure in the design would be to assess displacement and 
acceleration demand versus capacity of the isolated structure. One common method in the 
design is the use of Acceleration-Displacement Response Spectrum (ADRS) curves where 
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structural capacity (pushover) curve and the demand spectra are plotted in Spectral 
acceleration–Spectral displacement coordinates (Freeman, 1998).  
 
Figure 2.10. Demand response spectra in ADRS format for different values of damping 
 
The concept of using ADRS curves was shown to be useful by which designers can 
graphically overlay the structural response of an isolated structure and earthquake demand to 
determine an effective operating point (acceleration, displacement and effective viscous 
damping) of the isolated system (Whittaker and Jones, 2013). 
The direct inelastic acceleration–displacement response spectra proposed by Whittaker and 
Jones (2014) is another method for estimation of acceleration and displacement response 
demands directly based on yield level and post-elastic period of the isolation system which 
help designers and isolator suppliers of the demands and overall behavior of practical isolation 
systems. 
2.9 Conclusion 
In this chapter, a brief history of the use of isolation system in bridge structures was discussed. 
It was shown that isolated bridge response is affected by several parameters, such as 
substructure stiffness, substructure characteristic strength, post-elastic stiffness of the isolator 
and intensity and frequency characteristics of the ground motion.  
Two limit states or performance levels are considered, namely the limit of fully elastic 
response and the state where the structure is still undamaged while the isolating elements are 
close to their ultimate deformation. 
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Elastomeric bearing is one of the most frequent types of isolation systems and can be effective 
in reducing seismic response of the substructure. These isolators are found to be more cost 
effective and easy to install in bridges. 
As an important issue in the isolation design of bridges, the deck displacement tends to be 
large which should be bounded within the limits of the serviceability design. With a suitable 
combination of isolation system and an added stiffness and damping, the isolator drifts can be 
reduced significantly while the base shear is still under control and can be limited to the 
desired values.  
A three-dimensional nonlinear time-history analysis based on the inclusion of superstructure, 
substructure and base isolators together in one finite element model generally provides the 
most complete and reliable results for the variation of forces and displacements during 
transient earthquake ground motions, especially for complex structural systems (AASHTO 
1999). However, linear analysis and equivalent linearization methods are found to be 
acceptable for regular bridges. For these bridges, AASHTO and CSA S6 allow using an 
equivalent linearization method where energy dissipation of the isolation system can be 
expressed in terms of equivalent viscous damping and stiffness of the isolation system can be 
expressed as an effective linear stiffness. Using these two basic parameters, the single and 
multimodal methods of analysis can be performed for seismic isolation design. (CSA-S6, 
2006) 
Several damping systems were discussed in this chapter.  Each has its own advantages and 
disadvantages. In order to keep construction and maintenance (O&M) cost low, the damping 
systems need to be cost effective. It is recognized that using hysteretic metallic dampers may 
not be as effective as other more sophisticated systems, but with the objective to target the 
small to medium span bridges with low cost and well-known components such as elastomeric 
bearings, these systems could find their way in the industry. 
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CHAPTER 3. PROJECT METHODOLOGY 
 
Within the framework of this study, a comprehensive research was performed on retrofitting 
of isolated bridge structures by supplemental damping devices. Emphasis was put on small to 
medium span regular bridges with low cost and well-known components such as elastomeric 
bearings. This type of isolator is one of the most frequent types of isolation systems and is 
known to be quite effective in reducing seismic response of the structure. These isolators are 
found to be more cost effective in the operation and maintenance (O&M) and easy to install in 
bridges. 
In the first phase of this study, attempt was made to verify the bonding limits of isolated 
bridges and their advantages over non-isolated ones considering the provisions from CSA S6 
(2006). Next, considering the response of the bridge exposed to earthquake loads, the idea of a 
simple and cost effective supplemental device for dissipating seismic energy exerted to the 
bridges sparked.   
In the theoretical part of the study, assuming the seismic response of a bridge structure, criteria 
were set to the supplemental dampers by defining the conditions for their added stiffness and 
damping. This method is based on equivalent linearization of the isolation and damping 
system.  The objective of the method is to shift the displacement and the base shear of the 
bridge within the desired range. 
Several three dimensional finite element models were developed where the properties of the 
supplemental dampers were determined from the proposed model. A linear multimode 
response spectrum analysis was performed to compare the results with the developed 
simplified method. Furthermore, a direct integration nonlinear time history analysis was 
performed to complement the comparisons.  
For time history analyses, synthetic and natural ground motion accelerograms were employed. 
They were adjusted for Montreal and Sherbrooke area, considered as two typical places in the 
eastern Canada.  
In the experimental phase, an elastomeric isolation bearing with known design force and 
displacement was selected. 
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Based on the test protocol outlined in CSA S6 (2006), a series of characterization tests were 
performed on the isolation bearing. The properties of the isolation system were then used to 
design the dampers specimens in the next step. 
Having numerically validated the function of the simplified method in determining the design 
parameters of the dampers, an innovative hysteretic metallic damper was developed and 
designed. One specimen was fabricated to calibrate the test setup and five more specimens at 
two different steel grades were fabricated for the tests. A series of quasi-static and real-time 
dynamic substructuring (RTDS) tests were performed on the combined system of isolator and 
dampers.  
Finally, finite element models of the test components were developed to compare the 
numerical results with the tests results and also extend the RTDS testing procedure to the 
limits beyond the capacity of the test setup. 
The following subsections describe in details the different parts of the study and explain where 
each step is treated in the thesis. 
3.1 Parametric study of isolated bridges 
In the first part of the study, the impact of different parameters on the seismically isolated 
bridge design in Canada was investigated. The key objective of this part of the research was to 
focus on provisions of CSA S6 (2006) and assess them in the design of isolated bridges.  
Some directions are provided for the use of simple isolation devices like elastomeric bearing 
to rehabilitate existing bridges, specifically lifeline and emergency ones. As a comparison 
between traditional and isolation design of bridges, a two span bridge with three different span 
lengths were analysed each with three different substructure stiffness values. Three 
superstructure weights of a typical light steel girder with a concrete slab, a typical heavy steel 
girder or a light concrete girder and a typical heavy concrete girder were also selected to 
complement the parametric study. All values of analysis parameters according to the code 
were taken into account in this study and their influence on the response of the bridges were 
appraised.  Elastic seismic response coefficient and the spectral acceleration for all soil types 
were determined for the analysis.  
The method of the independent pier was used in the calculations (all the weight of the bridge 
is supposed to be supported by the pier in the longitudinal direction). For isolated structures, 
the problem is a little more complex as the seismic load is directly related to the size of 
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isolation bearings that should be known. The bearing size should be designed at the same time 
the seismic loads are calculated if the study is to be realistic. As only tendencies in the design 
were expected, uniform load method was used considering only a number of controlling cases 
in the design. 
Further results of the initial part of the research are discussed in detail in CHAPTER 4 of the 
thesis. It should be noted that at the time of publication of the conference article presented in 
CHAPTER 4, the new version of CSA S6 (2014) was not available. Updated conclusions for 
this part of the study can be found in Section 7.1.1. 
3.2 Supplementing the isolated structures with dampers 
Based on the results from the first phase of the research it resulted that the choice of isolated 
bridge type is advantageous in many situations. Nevertheless, considering the serviceability of 
bridges with isolation bearing, it is noted that the use of elastomeric bearing as an isolation 
device results in a floating system. This triggers the idea of designing a seismic fuse so that the 
bridge would behave as a non-isolated bridge under all loads but severe earthquake. Many 
design criteria of seismic fuse have been used in the past, but to work well with the isolation, 
we believe it should be changeable once it is triggered during an earthquake. This led us to the 
definition of the rest of the project.  
3.2.1 Equivalent model 
A thorough review over the codes discloses the extensive use of equivalent linearization of the 
structural members in the analysis and design. Isolation systems in conjunction with passive 
damping devices could be modeled by these methods. Despite the accuracy of some more 
rigorous analysis methods like nonlinear time history analysis, it is often conceivable to obtain 
appropriate estimate of the behavior of simple isolated bridges with an equivalent system. In 
this approach, the bridge is replaced by a single degree of freedom structure with an equivalent 
mass Meq, effective stiffness Keff, and equivalent damping Ceq as shown in Figure 3.1.  
Meq is attributed to the mass of a SDOF system, which is assumed to be the mass of the deck. 
The participation of the mass of the piers depends on the stiffness of the piers and the stiffness 
of the isolation and damping system. However, this mass can be taken from half of the mass of 
the piers to values near zero, which can be neglected in some cases (Wei et al., 2013). 
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The effective stiffness, Keff, of the system is associated with the participation of the stiffness 
from the piers, isolation system on piers, isolation system on abutments and the dampers. 
 
Figure 3.1. Effective stiffness and equivalent damping of the SDOF Structure 
 
Depending on the configuration of the isolators and dampers either in parallel or in series, the 
effective stiffness (elastic and plastic) of the isolation plus damping system is calculated which 
is in turn combined with the substructure stiffness (elastic stiffness only of the substructure for 
isolated bridges) to produce the equivalent stiffness.  
Similarly, the equivalent damping, eq, of the system is associated with the participation of the 
damping from the substructure c, isolation system on piers and on abutments, i and the 
dampers, d. Likewise, the parallel or series configuration of the isolators and dampers affects 
the damping participation of each component.  
The inherent damping from the soil and substructure c varies generally between 2% (Ozbulut 
and Hurlebaus, 2010) and 5% (Dolce et al., 2007). This damping is low and accounts for any 
energy dissipation all over the structure and the foundation.  
Based on the inherent damping from the substructure and damping due to the isolation and 
damping system, i+d Priestley et al. (1996) estimated the equivalent damping of the structure 
as follows: 
 
𝜉𝑒𝑞 =
𝐷𝑐𝜉𝑐 + 𝐷(𝑖+𝑑)𝜉(𝑖+𝑑)
𝐷𝑐 + 𝐷(𝑖+𝑑)
 (3.1) 
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Where Dc and D(i+d) are the ultimate displacement of the substructure element and isolation 
and damping system respectively.  
3.2.2 Concept of design 
On isolated bridges, the control of the displacement of the superstructure in a way that it 
would not float under any lateral loadings is primordial. The idea of a seismic fuse which 
maintains the stiffness of the structure under routine loadings and undergoes extreme seismic 
loads considering capacity design method would be interesting. However, the added stiffness, 
which reduces the displacement, can increase the base shear on the structure. Some examples 
are shown in Figure 3.2.  
 
Figure 3.2. Different movement control devices for bridges (www.oiles.co.jp) 
 
Designing a system that can dissipate most of the energy and keep the base shear as low as 
possible is the key point. It shall be ideal when adding damping to an isolated structure, that 
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the rate of increase of base shear on the substructure is lower than the rate of decrease of 
superstructure displacement. Figure 3.3a shows the targeted variation of superstructure 
displacement, D and the base shear, F on a bridge structure as the normalized ratio of damper 
stiffness to substructure stiffness increases. This concept can be described by the idea of more 
stiffness and more damping in a manner that the desired displacement of the superstructure 
and base shear is reached. 
 
 
(a) (b) 
Figure 3.3. Assumption of damper stiffness and structural damping with/without damper 
 
Figure 3.3b portrays the design concept of dampers for isolated bridge structures. The first 
position is where the structure is in isolation mode without damping. The goal is to attain the 
second position by adding stiffness and sufficient damping to the structure and reach to a point 
with desired lower superstructure displacement and desired increase in the base shear.  
Based on this concept, a simplified method was developed to set the design parameters for the 
supplemental dampers. The method has been discussed in details in section 5.2.  
3.3 Three-dimensional finite element modelling  
The concept of simultaneous desired reduction of displacement at the cost of a desired change 
of the base shear on a bridge structure was applied to a series of 3D finite element models of 
two span regular bridges. The finite element models were developed for four different 
substructure stiffness values. A case with an already designed isolation system and four cases 
with the same isolation system along with an added damper arrangement were modeled. The 
bridge pier and its isolation system design details are discussed extensively in section 5.3.  
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Specified values of increase in base shear, ε, and decrease in deck displacement, 𝜑, have been 
assumed in five scenarios in combination to estimate the values of Kd and ξd for variety of 
substructure stiffness values in bridges.  
Assuming the simplified method, the values of necessary added stiffness Keff and damping eq, 
for each scenario were calculated. These values are in turn entered as the equivalent values of 
the damper element in the finite element model of the bridges. The numerical bridges were 
modeled using SAP2000 software with the objective of comparing the base shear and the 
superstructure displacement from the numerical method to the assumed values in each 
scenario. A linear response spectrum method and a nonlinear time history analysis method 
were used to verify the results. 
3.3.1 Linear analysis with equivalent values 
The finite element models of the bridge structure underwent linear response spectrum analysis 
using 5% damping design response for isolated structures from CSA S6 (2006). For all cases 
of bridge substructure stiffness and equivalent damping ratio, the linear analysis was 
performed and the responses (displacement and base shear) of each bridge model were 
compared to the predicted values from the simplified method. 
Results and comparisons are outlined in section 5.4.1.  
3.3.2 Nonlinear analysis with nonlinear parameters 
For better compatibility between the supposed region and the earthquake accelerograms, 
synthetic best matching accelerograms for Montreal and Sherbrooke soil type C, were used. 
These synthetic accelerograms are freely available for different soil types from Atkinson et al. 
(2015). The proposed method in the reference is used to screen the accelerograms and use the 
most compatible ones with the response spectrum of the locations.  
Assuming the same effective stiffness and damping used for response spectrum analysis, the 
nonlinear properties of the dampers and the isolators were derived for a bilinear hysteretic 
system (AASHTO, 2010). By adding dampers to the isolated structure, the effective stiffness 
and equivalent damping ratio varies as a function of displacement as shown in Figure 2.4.  
Based on a model proposed by Hwang et al. (1996) for a known equivalent stiffness Keff and 
damping of a hysteretic system ξeq, three parameters of elastic stiffness (Kel), strain hardening 
ratio (α= Kel / Kpl) and ductility ratio (μ=D/Dy) could be taken as variables and set to desirable 
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values. Other parameters of the damping system are calculated accordingly. Equation 3.2 
shows the value of effective stiffness in a bilinear hysteresis model and equation 3.3 shows the 
equivalent damping in the same model.  
 𝐾𝑒𝑓𝑓 =
1 + 𝛼(𝜇 − 1)
𝜇 𝑘𝑒𝑙 (3.2) 
 𝜉𝑒𝑞 =
2(1 − 𝛼)(1 − 1𝜇)
𝜋[1 + 𝛼(𝜇 − 1)]
 (3.3) 
From these equations for equivalent values known from the simplified method, one can find 
the values of Kel,  and by assuming one of the parameters known. These values are then 
used to define the properties of the isolation and the damping system. The isolation system is 
modeled by a biaxial hysteretic link element that couples plasticity properties for the two shear 
deformations, and linear effective stiffness properties for the other four deformations. The 
isolator was assumed linear under vertical loads. The damping system was modeled by a Wen 
plasticity property (Wen, 1976). Independent uniaxial plasticity properties for each 
deformational degree of freedom can be attributed to this link element.  
Results and comparisons for this part of study are outlined in section 5.4.  
3.4 Design and testing a hysteretic damper 
3.4.1 Displacement controlled cyclic and hybrid testing 
Numerical method shows a close conformity between the simplified method and response 
spectrum and time history analysis results for regular continuous bridges. For further 
investigation, an experimental phase was performed to verify the simplified method. A 
combined system of isolator and damper was tested by two methods of displacement 
controlled cyclic (DCC) and real time dynamic substructuring (RTDS) methods. 
Based on the method an innovative simple hysteretic steel damper was designed and tested in 
order to take advantage of the plastic hinge mechanism of steel. This type of damper is simple 
and efficient with a low O&M cost. The steel elements are fixed at both ends in all degrees of 
freedom (Figure 3.4a) and the load is applied in the middle of the elements.  
They can be easily replaced by new ones after being damaged under an earthquake loading. Its 
configuration was selected to be horizontal so that the vertical displacements of the deck of the 
bridge may not interfere with its function (Figure 3.4b). 
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The damper is installed in parallel with the isolation system. The loading member that 
transfers the horizontal displacements of the deck to the damper is articulated; this method 
restricts the steel elements from undergoing torsion (Figure 3.5a). 
                   
(a)                                                                      (b) 
Figure 3.4. End fixation of the elements (a); Cutting out the elements to replace (b) 
  
The damper deforms plastically under loading and dissipates the applied energy to the system 
by yielding. (Figure 3.5b)  
 
      
    (a)                                                                    (b) 
Figure 3.5. Hinged loading plate and sleeves (a); Damper under loading (b) 
 
The DCC tests serve to characterize the specimens and depict the amount of energy dissipation 
at several displacement levels. These tests, however, cannot determine the base shear and the 
displacement under the design earthquake loading. This can therefore be attained by real time 
dynamic substructuring (RTDS) testing method.  
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RTDS testing was then performed by modeling a virtual mass in effect on the combined 
system that applies the inertial forces. Thirty percent scaled Northridge earthquake was 
applied on the system as the maximum earthquake within the capacity of the hydraulic jacks.  
All results along with detailed test procedure are outlined in CHAPTER 6.  
3.4.2 Numerical modeling 
Based on the characteristics of the system obtained in the DCC tests, a simple finite element 
model of the test setup was developed. This model was validated by the RTDS testing under 
accelerograms of Northridge earthquake scaled to 30%. 
Six synthetic design spectrum matching ground motion time histories are used to evaluate the 
behavior of the structure. Each accelerograms was scaled so that the numerical model without 
the damper yielded approximately maximum design response of the bearing. Subsequently the 
same scaled earthquake is applied to the model with the damper element to verify the rate of 
decrease in displacement as well as the rate of increase in the base shear of the model. 
Detailed results are presented in section 6.7.  
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Abstract 
In certain areas of Canada, seismic loads can be very high and seismic rehabilitation of 
existing bridges is inevitable and very expensive. A standard method of rehabilitation is to 
provide the existing structure with steel, concrete or fibre reinforced plastic jackets in order to 
increase strength and ductility of piers that are the main resisting members to earthquake. This 
paper provides some directions for the use of simple isolation devices as elastomeric bearing 
to rehabilitate existing bridges, specifically lifeline and emergency bridges. With this kind of 
very simple methods, it is possible in some cases to reduce seismic loads without expensive 
strengthening methods. The result of this study could also be used for the design of new 
bridges. 
This paper as the basis of the research has served to recognize the influence of different 
parameters as in the code CSA S6 (2006) in the seismic design of the base isolated bridges in 
comparison with the conventional bridges.  
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Résumé 
Dans certaines régions du Canada, le risque des charges sismiques peut être très élevé et la 
réhabilitation sismique des ponts est inévitable et très chère. Une méthode standard de 
réhabilitation est de renforcer la structure existante avec de l’acier, du béton ou des polymères 
renforcés de fibres pour augmenter la force et la ductilité des piliers qui sont les éléments de 
résistance principaux contre les séismes. Cet article fournit quelques directions pour 
l'utilisation de dispositifs d'isolation simples en élastomère afin de réhabiliter des ponts 
existants, spécifiquement dits de secours. En utilisant ce type d’isolateur, il est possible dans 
certains cas de réduire les charges sismiques sans utiliser les méthodes complexes. Le résultat 
de cette étude pourrait aussi être utilisé pour la conception de nouveaux ponts. 
Cet article, comme base de la recherche, sert à reconnaître l'influence de différents paramètres 
dans le code CSA S6 (2006) dans la conception parasismique des ponts isolés de la base 
comparés aux ponts conventionnels. 
4.1 Introduction 
Since the earlier versions of the code CSA S6 the high seismic loads have controlled a lot of 
bridge substructure design in certain areas of Canada. This force based design would increase 
design dimensions but will have small effect on the overall cost of a project. However, in 
existing bridges, seismic strengthening is avoided because it is too complex and too expensive. 
Consequently, seismic isolation might be a good solution in certain cases to increase the 
overall bridge seismic resistance even if not reaching the code requested level, it could provide 
for a cheap solution that would allow for the bridge to get acceptable increase of seismic 
capacity that might be satisfactory considering the remaining life of a bridge.  
The main interest of isolation is to lengthen the period of the structure so it reduces the seismic 
forces. An additional interest comes from the CSA S6 (2006) would be use of importance 
factor for the seismic design. For example, for lifeline bridges, one has to design the bridge for 
three times the level of a standard bridge. According to CSA S6 (2006), for isolated bridge 
design, there is no importance factor and bridges are designed regardless of class of 
importance of the bridge. This is consistent with the general idea of the importance factor, 
which is used to improve performance of bridges and not to increase seismic forces. However, 
when a lifeline bridge is to be retrofitted, the importance factor raises the seismic force at a 
level that is very expensive to reach. Finally, the spectra defined for non-isolated bridge has a 
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descending branch in 1/T2/3 whereas the descending branch for the isolated bridge spectra is in 
1/T. For long period bridges, this reduces significantly the seismic demand. Including all these 
information, design spectra for isolation systems and non-isolated system is compared for a 
site type II in Figure 4.1. For a non-isolated bridge, the design forces will be obtained by 
dividing by the response modification factor R with a value of 3 to 5 in most of the cases. To 
be effective, isolation system should increase significantly the period of the bridge for I=1. For 
lifeline bridge with I=3, the increase in period needs not be very large for the isolation to 
reduce the seismic forces. 
If the tendencies are easily found by comparing the design spectra, the actual reduction of 
seismic forces depends greatly on the bridge type. In order to provide clear directions to 
engineers in terms of using isolation for rehabilitation, the present study aims at comparing 
seismic loads for isolated bridges and for non-isolated bridges. For this purpose, a parametric 
study is presented first, some analyses and discussion is provided after and finally some 
recommendations are provided as conclusion of the paper. Most of the results of this study can 
also be used for the design of new structures. 
 
Figure 4.1. Comparison between the Csm and C’sm in soil type II 
 
4.2 Parametric study: a comparison between traditional and isolation 
design 
In the following, the procedure for the parametric study is presented. 
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4.2.1. Presentation of the study case 
The bridge studied is a two span bridge typical of a highway overpass (see Fig. 2). The bridge 
is a 4-girder bridge. The slab is 10-m wide. The variables of the study are: 
 The span length: 20, 35 and 50m 
 The stiffness of the pier: 25,000 (corresponding to a multi-bent with 2 columns 1.2m in 
diameter and 5.5-m in height), 100,000 (2 columns 1.5m in diameter with about 6m in 
height), and 250,000 kN/m (corresponding to a wall 1.2m in thickness and 6-m long 
and 6m in height). 
 The dead weight of the bridge: 50 kN/m (Typical of a light steel girder with a concrete 
slab), 100 kN/m (typical of a heavy steel girder or a light concrete girder) and 200 
kN/m (typical of a heavy concrete girder solution). 
All of the calculations are conducted for all types of soil type (I, II, III and IV), zonal 
acceleration ratio of 0.10, 0.15, 0.20, 0.30 and 0.4g, and for importance factor of 1.0, 1.5 and 
3.0 for non-isolated structures. All calculations were conducted for isolated bridge and non-
isolated bridge with R=3 (single column or wall type in longitudinal direction) and R=5 
(multi-bent) in accordance with CSA S6 (2006) chapter 4. In all cases, the seismic load was 
found and compared to the other solutions. 
4.2.2. Methodology of the study 
For a non-isolated bridge, the cases defined above provide enough information to calculate 
directly the seismic force. Solely, force in the longitudinal direction is considered as it is the 
strongest. Alternatively, the use of a different weight and stiffness for the transverse direction 
would be covered by another case of the study.  
L L 
 
Figure 4.2.Typical bridge used in the parametric study 
 
For instance, in the longitudinal direction, the pier with 100,000 kN/m stiffness and 35-m span 
of 100 kN/m could be covered by the case with 250,000 kN/m for the transverse direction, and 
weight of 50 kN/m for the 35-m span which would result in half the weight of the deck for 
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transverse as compared to the longitudinal direction. The method of the independent pier is 
used in the calculation (all the weight of the bridge is supposed to be supported by the pier in 
the longitudinal direction).  For isolated structure, the problem is a little more complex as the 
seismic load is directly related to the size of isolation bearings that should be known. In 
addition, elastomeric bearing distortion under seismic load must be controlled as buckling or 
shear failure can occur in the bearing if it is subjected to too much horizontal distortion. It is 
therefore necessary to design the bearing size at the same time the seismic loads are calculated 
if the study is to be realistic. Considering the number of cases under study here, it was not 
possible to design each bridge fully. As only tendencies were expected, a simplified method 
was used that would consider only a number of controlling cases in the design. For isolated 
bridge, the procedure was as follows: 
1. The in-plan size of the bearing was determined with the dead load and live load 
combination at serviceability and at ultimate limit state. Dead weight effect was 
calculated according to the total reaction at each support divided by 4 (one bearing 
under each girder). The live load account for impact factor and distribution of loads on 
each girder as provided by CSA S6 (2006) with the simplified method for calculation 
of shear in a girder, assuming this same shear is taken in the bearing as reaction. The 
stress limits are taken in accordance with CSA S6 (2006) chapter 11 under dead load 
and dead load plus live load at serviceability and ultimate state. This calculation 
provides a minimum area of bearing to be used in the calculation. 
2. Based on this in-plane area, the bearing was assumed square and in-plane dimension 
was selected. Thickness was assumed to be 1/5 of the in-plane dimension. The 
thickness could be increased up to 1/3 as accepted by the CSA S6 (2006), however, 
CSA S6 (2006) provides no clear direction to design elastomeric bearing for buckling 
and other documents should be used. As well, based on the authors’ experience this 
high thickness results in difficulties in the buckling design, so a value of 1/5 was 
considered a good optimum to avoid buckling calculation while still providing low 
stiffness. In a real design, it would be possible to increase the thickness up to 1/3 at the 
expense of a buckling calculation. As well, tests usually are used to confirm the design 
of the bearing. 
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3. Once the bearing is known, the seismic loads are calculated assuming the deck to be a 
rigid mass supported by 3 supports, 2 of them being the 4 abutment elastomeric 
bearings, and 4 other being the combination of the pier and the 4 pier elastomeric 
bearings. With this assumption, the seismic loads in the longitudinal and transverse 
direction are equal. It is to be noted that often in rehabilitation the seismic forces in the 
transverse direction are far less a problem than in the longitudinal direction on the pier. 
Hence, often bridge can be blocked on abutment, which would result in insignificant 
seismic load on the pier. 
4. The distortion in the elastomeric bearing is calculated as well. If the distortion is larger 
than 1, the bearing is assumed to be inadequate and thickness needs to be reduced or 
in-plane dimension needs to be increased. In this study, the increase of the in-plan 
dimension is selected in order to keep seismic force at minimum and steps 2 to 4 are 
repeated up to the determination of an acceptable distortion. The minimum stress under 
the bearing is also checked in the calculation according to CSA S6 (2006). It is to be 
noted that in practice, a distortion up to 2 may be achieved, but in this case a complete 
set of checks need to be performed. As well tests sometimes show that this value is 
difficult to obtain with buckling prone bearing so 1 was considered a reasonable 
maximum value for such a study. 
It has to be emphasized that on a basis of project-by-project approach, bearing could be 
optimized more and redistribution of loads between abutments and piers could be achieved in 
relation with their relative capacity, but the objective of this study is to provide information to 
the designer for an appropriate preliminary decision making for a bridge. 
4.2.3. Results of the parametric study 
The shift in period is reported for several cases in Figure 4.3. In this figure distortion of the 
bearing over the pier has been taken approximately 1. The size obtained for all the elastomeric 
bearings are found in Table 4.1. The first set of results corresponds to the case with 35m span, 
stiffness of piers of 100,000 kN/m and a weight of 100 kN/m. Results are shown in Figure 4.4 
for R=3 and in Figure 4.5 for R=5 and for the same set of parameters.  
As it is seen in Table 4.1, there was no attempt to find commercial size for the elastomeric 
bearings.  
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This is because the interest of the study was solely to compare the values. However, size 
would be slightly different in reality. 
 
Figure 4.3.Variation of period of vibration with zonal acceleration ratio and site coefficient 
 
For R=3.0, it is observed that when I = 3.0 corresponding to lifeline bridge designed as a non-
isolated bridge, the overall seismic force is larger for soil types I and II than the force for 
isolated bridge. For these soil types, the seismic loads for I=1.5 are similar as the forces for 
isolated bridges. For soil type III and IV, the seismic forces are similar for isolated bridges and 
non-isolated bridge with I=3.0. However, when the force on the pier only is compared, the pier 
force on isolated bridge is smaller than for non-isolated bridge with I=1.0 for soil types I and 
II. For soil type III, the isolated bridge pier force is similar to pier force with I=1.5 and except 
for zonal acceleration ratio up to 0.2 where isolated bridge provides pier forces still lower than 
for non-isolated bridge with I=1.0. For soil type IV, the seismic pier force is similar to the 
isolated bridge as the non-isolated bridge designed with I=1.5.  
For R=5.0, the same tendencies are found but a little more favorable for the non-isolated 
bridge. For soil type I, the seismic force on the pier are similar to isolated bridge and non-
isolated bridge with I=1.0. For soil type II, seismic pier forces of the isolated bridge is within 
non-isolated bridge with I=1.0 and I=1.5. For soil type III, pier seismic force is about the same 
as for a non-isolated bridge with I=1.5 and zonal acceleration ratio up to A=0.2 and higher 
after but still below I=3.0. For soil type IV, the pier force for the isolated bridge is below non-
isolated bridge between I=1.5 and I=3.0.  
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Table 4.1. Size of bearings for all cases 
  
L=35; K=100; W=100 L=35; K=25; W=100 L=35; K=250; W=100 
 
Soil Type Abutment Bent Abutment Bent Abutment Bent 
A
=
0
.1
 
I 286x57 461x92 
    
II 286x57 461x92 286x57 461x92 286x57 461x92 
III 286x57 461x92 
    
IV 286x57 461x92 
    
A
=
0
.1
5
 I 286x57 461x92     
II 286x57 461x92 286x57 461x92 286x57 461x92 
III 286x57 461x92 
    
IV 338x68 545x109 
    
A
=
0
.2
 
I 286x57 461x92 
    
II 286x57 461x92 286x57 461x92 286x57 461x92 
III 338x68 545x109 
    
IV 404x81 652x130 
    
A
=
0
.3
 
I 286x57 461x92 
    
II 378x76 609x122 378x76 609x122 367x73 609x122 
III 444x89 716x143 
    
IV 494x99 795x150 
    
A
=
0
.4
 
I 338x68 545x109 
    
II 444x89 716x143 469x94 756x151 444x89 716x143 
III 542x108 873x175 
    
IV 572x114 921x184 
    
 
 
Figures 4.6 through 4.9 show the results for five additional sets of calculations. The same 
results are observed: the pier force of the isolated bridges is always smaller than the pier force 
of the non-isolated bridge with R=3 and I=1.0.  
 
L=50; K=100; W=100 L=35; K=100; W=50 L=20; K=100; W=200 
A Abutment Bent Abutment Bent Abutment Bent 
0.1 326x65 539x108 242x48 366x73 280x56 471x94 
0.15 326x65 539x108 242x48 366x73 280x56 471x94 
0.2 326x65 539x108 242x48 366x73 280x56 471x94 
0.3 407x81 673x135 308x62 467x93 371x74 623x125 
0.4 498x100 824x165 369x74 559x112 452x90 758x152 
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4.3 Analysis of the results of the parametric study and discussion 
4.3.1. Influence of the importance factor 
The importance factor is significant in the comparison between isolated and non-isolated 
bridges. It has to be understood here that the I-factor is just used for the non-isolated bridges. 
The concept behind as explained in the commentary of CSA S6 (2006) is to improve the 
performance of the bridge, not to raise the seismic acceleration level.  
  
 
 
Figure 4.4. Results for L=35m, K = 100,000 kN/m, W= 100kN/m and R=3 
 
As isolation system behaves essentially in an elastic way, there is no importance factor for 
isolated bridge. Consequently, it is very interesting to use an isolation system for lifeline 
Bridges. Even for an emergency bridge, in most cases except when R=5, isolation system is 
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interesting to reduce pier force. This conclusion is true for all bridge weight and length and 
pier stiffness. 
4.3.2. Influence of soil site 
The soil condition influences the comparison between isolated and non-isolated bridge. 
Table 4.2 compares the values of site coefficient for isolated and non-isolated bridge. It is seen 
that the ratio of those coefficients are very different comparing soil type I and soil type IV. In 
fact this ratio increases incessantly from 1.0 for type I to 1.25 for type II, 1.33 for type III and 
1.35 for type IV. This is also observed in the results of the parametric study in Figure 4.4and 
4.5. The most interesting site for the use of isolation bearing is therefore site I and interest 
reduces with increase of soil type. 
4.3.3. Influence of R-factor 
Obviously, the R-factor has a lot of influence since elastic seismic coefficient is directly 
divided by the R-factor for non-isolated bridge. Therefore the isolation system is going to be 
more effective for single column pier and wall type pier than for multi-bent piers. 
 
Table 4.2. Comparison of site coefficient for isolated and non-isolated bridge-Soil profile type 
 
 
 
 
4.3.4. Influence of stiffness of pier 
Isolation is less effective when using a flexible pier. This is due to the fact that the interest of 
the isolation is to lengthen the period of the structure since only elastic forces is used. 
However, when the pier is flexible, the increase of period due to isolation is reduced. For very 
stiff pier on the contrary, the use of isolation is very interesting. (Figures 4.6- 4.9) 
 
 
 S (non-isolated bridge) Si (isolated bridge) Si/S 
I 1.0 1.0 1.0 
II 1.2 1.5 1.25 
III 1.5 2.0 1.33 
IV 2.0 2.7 1.35 
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Figure 4.5. Results for L=35m, K = 100,000 kN/m, W= 100kN/m and R=5 
   
4.3.5. Influence of weight of bridge 
The weight of the bridge has a very small influence on the comparison between isolated and 
non-isolated bridge. The increase of the weight globally increases the loads for both systems. 
However, for the isolated bearing, it also increases the in-plane size of elastomeric bearing 
(Table 4.1) and therefore decreases the interest of the isolation system, but this effect is small. 
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Figure 4.6.  Results for L=35; K=25; W=100; 
R=3 
Figure 4.7.  Results for L=35; K=250; 
W=100; R=3 
 
 
Figure 4.8. Results for L=50; K=100; 
W=100; R=3 
Figure 4.9. Results for L=35; K=100; W=50; 
R=3 
 
4.4 Additional considerations 
4.4.1. Choice of isolation or non-isolation system when pier force is 
similar 
When both isolation or non-isolation systems provide similar seismic force, the following 
factor must be considered in the comparison: 
It is usually very simple to replace existing bearings by elastomeric bearing. Sometimes the 
level of the bridge needs to be raised a few centimeters, but overall it is simple to install and 
only slightly more expensive than using normal bearings. It is usually impossible to rely only 
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on friction to transfer horizontal force at an elastomeric bearing used for isolation. Hence, 
some systems with vulcanized plates to the elastomeric bearing must be used in this case. This 
system also provides sufficient assurance that the bearing is not going to move during an 
earthquake even if the reaction is reduced during an earthquake due to the vertical component 
of the earthquake. This system may look complex but it is widely used in some states of the 
United States. Some other less complex systems can be used such as steel frames around the 
elastomeric bearing to avoid slipping, but this system does not warranty the movement if 
reaction becomes too small. 
One of the problems in seismic retrofit is the foundation. Retrofit of foundation is always very 
difficult and expensive. While the foundation force is directly the force carried by the isolation 
system, it is not the case in the non-isolated bridge. In fact, the force in the capacity protected 
elements such as the foundations are to be calculated as either the elastic seismic force 
resulting from the use of R=1 and I=1, which would result in very high forces in the case of 
non-isolated force, or the capacity design. Once the pier is retrofitted to reach the appropriate 
ductility to get an acceptable ductility, the strength is usually increased. Even if the strength of 
the pier is not increased or just enough on the existing pier (that would be the ideal case that is 
rarely found in practice) the foundation load needs to be obtained by the capacity design 
procedure which results in seismic force usually about 50% to 100% above the design seismic 
force of the plastic hinge to account for over strength and the actual combinations used in 
design. 
4.4.2. Comments on use of CSA S6 (2006) for isolation bearing 
The use of importance factor for isolation system is certainly a great advantage for them as 
compared to non-isolated bridges. This advantage should however be adequately discussed. 
The code proposes in the comments that under a large earthquake (1000- year return period), 
the bridge should not collapse for other bridges, should be repairable for emergency-route and 
should allow immediate use for emergency vehicles for lifeline bridges. As the isolation 
system is designed to behave elastically under the 475-year return period, there are not 
warranties that the bridge will behave appropriately under the 1000- year return period 
earthquake. However, the code allows the design of the capacity protected elements with I=1 
and R=1, which corresponds to elastic forces for the 475- year return period earthquake. 
Hence, it seems that the code means that the design for the 475- year return period earthquake 
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with elastic forces results in an adequate capacity even under the large earthquake and for 
functional post-earthquake requirements such as the ones required for lifeline bridges. That 
would recognize that the design according to the code is conservative and assumes 
conservatively a certain number of factors such as damping, stiffness and seismic design 
spectra. Accordingly, the code seems consistent to not provide any importance factor for 
isolation systems as the system behaves elastically. However, the engineer that would like to 
provide a better behavior of the bridge under large earthquake could increase slightly the 
seismic forces to reflect the type of bridge under consideration. A safe design level would be 
the one obtained with elastic force based on the 1000- year return period. For most Canadian 
sites that would result in an importance factor for isolation system of 1.3 to 1.6 depending on 
the location. 
4.4.3. Serviceability of bridge with isolation bearing 
Use of elastomeric bearing as an isolation device results in a floating system. A number of 
bridge owners have been uncomfortable with the use of floating systems. However, it is 
possible to design a seismic fuse so that the bridge would behave as a non-isolated bridge 
under all loads but earthquake. Once the fuse is triggered, the bridge behaves as an isolated 
bridge. Many design criteria of seismic fuse have been used in the past, but to work well with 
the isolation, the authors believe it should be changeable once it is triggered during an 
earthquake.  
4.4.4. Post-earthquake serviceability 
After an earthquake, isolation system provides an incremental advantage as compared to non-
isolation. This should be considered as a great advantage for bridges as the cost of repair and 
reduction of serviceability can be very high in certain cases. The day after an earthquake, use 
of isolation system everywhere would result in no disruption in bridges and a complete use of 
the whole transportation system. Authors believe, a very important consideration is the choice 
of isolation as compared to non-isolation. Many engineers would say that earthquake is a rare 
event and it will never occur anyway. As it is necessary to design the bridge for such events, it 
is believed that it is necessary and that such event can actually happen and that in this case, 
bridge owner will be very glad they did the choice of isolation as compared to non-isolation 
when choosing to retrofit a bridge. 
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4.5 Conclusion 
Based on this research, the use of elastomeric bearing for isolation of a bridge in seismic 
rehabilitation or retrofit projects is very interesting. It could reduce work required to upgrade 
the foundation system, and provide a cheaper rehabilitation project with shorter construction 
time and less modification of the bridge. 
In seismic zone, even if the bridge is not considered for seismic rehabilitation, use of 
elastomeric bearing while change of bearing is scheduled, with structural fuse to avoid a 
floating system under service load should be considered all the time. Even if the capacity of 
the bridge is not sufficient to reach a sufficient capacity by code, it is always possible to 
increase seismic resistance, which is always desirable to reduce seismic risk, specifically in 
urban areas. 
More research is needed in order to refine the result of this simple analysis. As well new tools 
need to be proposed for design of isolated bridges. The analysis needs also to be extended to 
other types of bridges. Finally other isolation systems could be evaluated to replace 
elastomeric bearings when they cannot provide an economical or feasible solution. 
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CHAPTER 5. SIMPLIFIED DAMPER DESIGN 
METHOD 
 
Simplified Design Method for Energy Dissipating Devices in 
Retrofitting of Seismically Isolated Bridges 
(Méthode de Conception Simplifiée des Amortisseurs pour la 
Réhabilitation des Pont Routiers Isolés à la Base Contre les Séismes) 
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Abstract: 
A simplified design method of dampers for seismically isolated regular highway bridges is 
presented in this paper. Seismic base isolation by elastomeric bearings has been demonstrated to 
be an effective method in reducing the seismic base shears transmitted from the superstructure 
to the substructures. However, displacement demand is typically very large, resulting in costly 
expansion joints, which defies the purpose of using elastomeric bearings. Consequently, adding 
some stiffness by supplementing the structure with dampers can be a solution, which in turn 
may increase the structure base shear. By setting objectives for displacement and base shear 
variation the developed method estimates quickly the required stiffness and damping of a 
hysteretic damper that could keep base shear under control while reducing displacements. 
Numerical simulations and analysis of a typical two span bridge show that the method can serve 
as a tool to design suitable dampers for isolated bridges. 
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Keywords: Bridge, Base Isolation, Damper Design, Seismic Design, Response Spectrum, Time 
History Analysis. 
Résumé : 
Une méthode simplifiée de conception d'amortisseurs pour des ponts routiers avec une isolation 
parasismique de la base est présentée dans cet article. L'isolation de la base par des appuis en 
élastomère est jugée une méthode efficace afin de réduire l’effort tranchant transmis de la 
superstructure à la sous-structure. Cependant, le déplacement est typiquement très grand, 
aboutissant à des joints de dilatation coûteux, qui remet en cause l'utilisation de ce type 
d’isolation. Par conséquent, l’ajout d’une certaine rigidité par l’ajout d’amortisseurs à la 
structure peut être une solution qui peut à son tour augmenter l’effort tranchant transféré à la 
sous-structure. En définissant des objectifs de variation pour le déplacement et l’effort 
tranchant, la méthode développée est capable d’évaluer rapidement la rigidité et l'amortissement 
exigés d'un amortisseur hystérétique qui pourrait garder l’effort tranchant sous contrôle, tout en 
réduisant le déplacement. L’analyse des simulations numériques d'un pont typique à deux 
portées montre que la méthode permet de concevoir des amortisseurs adaptés pour des ponts 
isolés. 
Mots clés : Pont, Isolation de la base, Amortisseur, Conception Parasismique, Spectre de 
réponse, Analyse temporelle 
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5.1 Introduction 
Seismic isolation of bridge structures with elastomeric bearing is a very effective way to reduce 
design load on small to medium size bridges to resist earthquake as demonstrated by Golzan 
and Légeron (2010). However, displacement demand tends to increase significantly as 
compared to non-isolated bridge and results in expansion joint with very large movement range 
demand that have proven to be expensive. As well, they need to be changed regularly, which 
increases the operation and maintenance (O&M) cost.  
In order to reduce displacement demand of an isolated bridge, dampers can be installed in a 
structure. This can be obtained by yielding of metallic elements with hysteretic behavior 
(Moreschi and Singh, 2003). Robinson (1982) and Skinner et al. (1993) showed that one 
method for augmenting energy dissipation is to supplement external components such as lead 
plugs inserted in the bearing. Other added damping devices such as hysteretic or viscous 
dampers have also been proposed to substitute lead plugs (Parducci and Mezzi 1991; Cousins et 
al. 1991). However, viscous fluid dampers, viscoelastic dampers, and friction dampers are 
typically very effective but tend to be expensive piece of technology with high O&M costs. 
Steel hysteretic dampers are typically cheaper but because they increase the stiffness, this might 
result in increase of base shear in the structure and are typically not as effective.  
The objective of this article is to present a simplified method to identify optimal damper 
characteristics that could keep the base shear low for a bridge on elastomeric bearings while 
reducing displacement. In order to keep construction and O&M cost low, the dampers need to 
be cost effective, and this study will be limited to the use of hysteretic dampers in the form of 
simple steel device to dissipate energy. It is recognized that the resulting system may not be as 
effective as other more sophisticate system, but the objective is to target the small to medium 
span bridges with low cost and well known components such as elastomeric bearings and 
hysteretic dampers. The method could be applied in the design of new bridges or in the 
assessment and retrofit of the existing ones. It is believed that with simple adjustment the 
method could be adapted to any code.  
To develop the proposed simplified design method, the equivalent system method (Shibata and 
Sozen 1974) is used to model the bridge with elastomeric bearings and hysteretic dampers. The 
simplified method objective is to determine a range of stiffness and capacity of the hysteretic 
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dampers to reach a certain target of base shear increase or reduction together with a reduction of 
displacement.    
Typical two-span seismically isolated highway bridges in various substructure values of rigidity 
as well as various damper stiffness and damping coefficient have been modeled for verification 
of the simplified method. Each model with various rigidity values is comprised of one only-
isolated structure and several cases with both isolation and damping system. Knowing the base 
shear and superstructure displacement of a bridge, the simplified method could be applied to 
define a damping system that will yield a new desired behavior of the structure in terms of base 
shear and superstructure displacement. Finally, the proposed damper design is compared to the 
results from response spectrum and non-linear time history analyses methods. The results show 
that the developed method can be a good and reliable tool for the engineers for selecting 
appropriate hysteretic damper characteristics. 
5.2 Concept development 
Seismic isolators in conjunction with passive energy dissipaters are assumed as typical 
paraseismic systems. Although it is more accurate to obtain maximum displacement demand 
through advanced analysis methods, in most cases it is possible to obtain reasonably accurate 
prediction of the behavior of simple isolated bridges with an equivalent system. Equivalent 
linear models have been incorporated in AASHTO guide specifications for seismic isolation 
design (2010), Eurocode 8 (2005) and CSA-S6-14 (2014) among other specifications, for 
designing bridges with passive energy dissipation systems. In this approach the bridge is 
replaced by a single degree of freedom structure with mass Meq, stiffness Keff, and damping Ceq. 
(Figure 5.1) 
For an isolated bridge, the deck can be assumed rigid, as the deformation will mostly happen in 
the isolator. The piers are typically moving very little in an isolated bridge and therefore, the 
equivalent mass is assumed to be the mass of the deck Meq = Mdeck.  
For an isolated bridge equipped with hysteretic dampers, the effective stiffness, Keff, of the 
system is calculated by combining the elastic stiffness of the substructure with the effective 
stiffness (elastic and plastic) of the isolation and damping system. The effective stiffness of the 
isolation and damping system is itself calculated by combining, in parallel or in series, the 
isolator and damper stiffness.  
  
 
 
69 
 
Figure 5.1. Effective stiffness and equivalent damping of a SDOF structure 
 
Similarly the equivalent damping, ξeq, of the system is associated with the participation of the 
damping from the substructure, isolation system on piers, isolation system on abutments and the 
dampers. Likewise, the parallel or series configuration of the isolators and dampers affects the 
damping participation of each component. The original equations can be found in Roesset et al. 
(1973) and Jara and Casas (2006). The equivalent damping for isolators (ξi) and dampers (ξd) in 
series can be calculated by: 
 
𝜉𝑒𝑞(𝑖+𝑑) =
𝐾(𝑖+𝑑)
𝐾𝑖
𝜉𝑖 +
𝐾(𝑖+𝑑)
𝐾𝑑
𝜉𝑑 (5.1)  
Similarly the equivalent damping for two parallel isolators and dampers can be calculated by: 
 
𝜉𝑒𝑞(𝑖+𝑑) =
𝐾𝑖
𝐾(𝑖+𝑑)
𝜉𝑖 +
𝐾𝑑
𝐾(𝑖+𝑑)
𝜉𝑑 (5.2)  
The inherent damping ratio from the soil and substructure ξc varies generally between 2% 
(Ozbulut and Hurlebaus, 2010) and 5% (Dolce et al., 2007). This damping is low and accounts 
for any energy dissipation all over the structure and the foundation. For isolated bridges, where 
little to no plastic behavior is intended on the substructure, the inherent damping may be taken 
as low as possible as mentioned above. 
The maximum response of a SDOF oscillator with 5% damping is calculated for the equivalent 
system by using the response spectra as defined in different codes. The response spectra are 
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generally provided for 5% damping ratio in codes. In order to account for the equivalent 
damping of the system, the spectral response is typically reduced by a damping reduction factor 
(Lin and Chang, 2004), called B in this paper. Several equations relate B to the structure’s 
damping ratio. Equation 2.3 is a typical equation used in the literature (AASHTO, 2010), but 
other expressions are included in other codes. 
Cameron and Green (2007) concluded that the damping reduction factor, B, based on pseudo-
spectral accelerations (PSA) is valid for buildings equipped with isolation and passive energy 
dissipation systems.  An appropriate value of B shall be chosen so it reduces the base shear 
demand more than the increase resulting from the stiffening of the structure. It shall be ideal 
when adding damping to an isolated structure, that the rate of increase of base shear on the 
substructure is lower than the rate of decrease of superstructure displacement.  
5.2.1 Basic assumption and method 
The objective to add hysteretic dampers with stiffness Kd and damping ξd is to reduce the 
displacement of the system by φ% while increasing the shear transfer to the substructure of only 
ε%.  Starting with an isolated bridge with stiffness Keff1, mass Meq, and damping ξeq1, the system 
with added hysteretic damper would have a stiffness of Keff2 and an effective damping ξeq2.  As 
shown in Figure 5.2, adding damping to the system will reduce its force response. When the 
damper also provides additional stiffness to the isolated structure, the fundamental period of the 
structure may decrease, which could result into a global increase in the force response. 
Depending on the period variation, the response can be less or more than the force on the 
isolated structure. Furthermore, the additional damping and stiffness provided to the system 
decreases its displacement response.  
 
Figure 5.2. Response with added stiffness and damping 
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The hysteretic response of the system can vary as shown in Figure 3.3b. This figure shows the 
main concept taken in this paper to estimate the required damper for bridge structures. The first 
position is where the structure is initially in terms of stiffness and damping. The goal is to attain 
the second position by adding stiffness and sufficient damping to the structure and arrive at a 
point with desired lower superstructure displacement and desired limited increase in the base 
shear. 
The assumed descending branch of the response spectrum varies slightly between codes. CSA 
S6-14 has proposed a linear interpolation between some bench points in the definition of Sa, 
which is close to the trend with the inverse values of the period. For periods greater than T=2s a 
trend which is inversely proportional to the square of the period (1/T2) is taken. For isolated 
bridges, the previous version of CSA S6 has related the seismic coefficient directly with the 
inverse of the period (1/T) for all values. Eurocode and AASHTO have also similar approaches 
in the definition of the response spectrum, with a second branch with response proportional to 
1/T2 for periods above 2s and 3s respectively. For simplicity and to provide a conservative 
approach, this study considers response spectrum inversely proportional to the period for all 
isolated bridges, which normally lies in the range of period up to 2s. This response is in turn 
modified by the damping reduction factor, B, to account for any additional damping due to the 
isolation system and the added dampers. The spectral acceleration is then inversely proportional 
to the product of the period and the damping reduction factor. 
 
𝑆𝑎 ∝
1
𝐵 × 𝑇𝑒
 (5.3)                                                                
 Where Te can be obtained from equation 2.2. 
Considering equation 5.3, for a system with added damping (B1<B2) where the base shear has 
increased due to the added stiffness of a hysteretic damper (F1<F2), it is concluded that: 
𝐵1𝑇𝑒1 > 𝐵2𝑇𝑒2 
From the condition above, an increase in base shear is predicted; therefore:  
Te1
Te2
>
B2
B1
     → from equation 2.2     Keff2(1 − 𝜉2
2) > (
B2
B1
)
2
Keff1(1 − 𝜉1
2) 
Considering the inequalities above let’s assume: 
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ε, is the rate of variation of base shear relative to the initial base shear; (
𝐹2−𝐹1
𝐹1
) 
φ, is the rate of variation of displacement relative to the initial displacement; (
𝑆𝑑2−𝑆𝑑1
𝑆𝑑1
) 
Since the base shear is directly related to the response acceleration: 
(1 + ε)F1 = F2 → Sa2 = (1 + ε)Sa1 
 
(1 + 𝜀)
𝑇𝑒2
𝑇𝑒1
=
𝐵1
𝐵2
 (5.4)                                                                
To set up the secondary condition for the decrease in the superstructure displacement assuming 
𝑆𝑎 =
4𝜋2
𝑇𝑒
2 𝑆𝑑: 
Sd2 = (1 + φ)Sd1 → Sa2Te2
2 = (1 + φ)Sa1Te1
2 
 𝑇𝑒2
𝑇𝑒1
= (1 + 𝜑)
𝐵2
𝐵1
 (5.5)                                                                
By adding stiffness and damping to the structure, the two fundamental periods decrease. 
Therefore, we have: 
(1 + φ)B2
B1
< 1 →      
B1
B2
> (1 + 𝜑) 
Hence, the range of B2/B1 in which the effective period of the structure decreases shall be 
concluded as: 
1 <
B2
B1
<
1
1 + 𝜑
 
It is concluded that the proportion of damping reduction factor has a special narrow range where 
the displacement decreases and meanwhile the force increases. 
From equations 5.4&5.5 to satisfy the desired increase value of base shear, ε, and the desired 
decrease value of displacement, φ: 
B1
(1 + ε)B2
= (1 + φ)
B2
B1
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Hence: 
 𝐵2 = 𝐵1 × √(1 + 𝜑)(1 + 𝜀) (5.6)                                                                
 
𝑇𝑒2
𝑇𝑒1
=
𝐵1
(1 + 𝜀)𝐵2
= √
1 + 𝜑
1 + 𝜀
< 1 (5.7) 
Considering equation 5.7 and relating it to the proportion of effective stiffness of the structure 
we will have: 
 𝐾𝑒𝑓𝑓2
𝐾𝑒𝑓𝑓1
= (
𝑇𝑒1
𝑇𝑒2
)
2
(
(1 − 𝜉1
2)
(1 − 𝜉2
2)
) = (
1 + 𝜀
1 + 𝜑
) (
(1 − 𝜉1
2)
(1 − 𝜉2
2)
) (5.8)                                                                
Neglecting the damping ratios of the second order, the simple relation between the effective 
stiffness ratio and variation rates will become: 
 
𝐾𝑒𝑓𝑓2 = (
1 + 𝜀
1 + 𝜑
) × 𝐾𝑒𝑓𝑓1 (5.9)                                                                
Equation 5.9 shows that the proportion of effective stiffness of structure with different damping 
is dependent on the ratio of the structure’s period as well as its damping reduction coefficient 
before and after adding a damper. 
5.2.2 Obtaining Target Stiffness of Dampers 
In bridge structures, the isolation system is placed on all abutments and bents (including pier 
along with isolation and damping system). The isolation system behaves in series with the pier 
while acting in parallel condition with the damping elements on the designated pier. Hysteretic 
dampers are placed only on one of the piers of the bridge. This technic allows the bridge to take 
thermal expansion loads without restriction. Considering the effective stiffness of a highway 
bridge structure with m number of bents the total effective stiffness of the bridge before and 
after retrofit will be: 
 
𝐾𝑒𝑓𝑓1 = 𝐾𝑖(𝑎𝑏) + ∑
𝐾(𝑖_𝐵𝑒𝑛𝑡)(𝑗) × 𝐾𝑐(𝑗)
𝐾(𝑖_𝐵𝑒𝑛𝑡)(𝑗) + 𝐾𝑐(𝑗)
𝑚
𝑗=1
 (5.10)                                                                
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𝐾𝑒𝑓𝑓2 = 𝐾𝑖(𝑎𝑏) +
(𝐾𝑑 + 𝐾(𝑖𝐵𝑒𝑛𝑡)(1)) × 𝐾𝑐(1)
(𝐾𝑑 + 𝐾(𝑖𝐵𝑒𝑛𝑡)(1)) + 𝐾𝑐(1)
+ ∑
𝐾(𝑖_𝐵𝑒𝑛𝑡)(𝑗) × 𝐾𝑐(𝑗)
𝐾(𝑖_𝐵𝑒𝑛𝑡)(𝑗) + 𝐾𝑐(𝑗)
𝑚
𝑗=2
 (5.11) 
Where: 
K (i_ab) is the total stiffness of designed isolators on the abutments 
K (i_Bent) is the total stiffness of designed isolators on each bent 
Kc is the stiffness of each bent from 1 to m 
Kd is the total effective stiffness of dampers on the bent  
Having known Keff2 from equation 5.9, Kd can be readily estimated from equation 5.11. For a 
two span bridge, the effective stiffness of the damper at both transversal and longitudinal 
directions of the structure shall be calculated from equation 5.12. 
 
𝐾𝑑 =
𝐾𝑐𝐾 (𝑖_𝐵𝑒𝑛𝑡) − 𝐾𝑒𝑓𝑓𝐾𝑐 − 𝐾𝑒𝑓𝑓𝐾 (𝑖_𝐵𝑒𝑛𝑡) + 𝐾 (𝑖_𝑎𝑏)𝐾𝑐 + 𝐾 (𝑖_𝐵𝑒𝑛𝑡)𝐾 (𝑖_𝑎𝑏)
𝐾𝑒𝑓𝑓 − 𝐾 (𝑖_𝑎𝑏) − 𝐾𝑐
 (5.12)                                                                
5.2.3 Obtaining equivalent damping ratio of dampers 
Knowing the damping ratio of the initial structure and using equations 2.3& 5.6, the target 
damping reduction factor and damping ratio can be calculated. In highway bridges the whole 
bent has an effective stiffness KBent of piers, isolators and dampers combined and in turn is in 
parallel condition with the abutment isolation segments.  
Considering equations 5.1 & 5.2 the equivalent damping ratio can be derived for a multi span 
bridge with isolation and damping system. For a two span bridge structure, the equation can be 
rewritten as: 
𝜉𝑒𝑞 =
𝐾 (𝑖_𝑎𝑏)
𝐾𝑒𝑓𝑓
𝜉𝑖
+
𝐾𝐵𝑒𝑛𝑡
𝐾𝑒𝑓𝑓
[
𝐾𝐵𝑒𝑛𝑡
𝐾𝑐
𝜉𝑐 +
𝐾 (𝑖_𝐵𝑒𝑛𝑡)
𝐾 (𝑖_𝐵𝑒𝑛𝑡) + 𝐾𝑑
(
𝐾 (𝑖_𝐵𝑒𝑛𝑡)
𝐾 (𝑖_𝐵𝑒𝑛𝑡) + 𝐾𝑑
𝜉𝑖
+
𝐾𝑑
𝐾 (𝑖_𝐵𝑒𝑛𝑡) + 𝐾𝑑
𝜉𝑑)] 
(5.13)                                                                
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Where: 
ξeq is the equivalent damping ratio of the two span bridge structure which is known based on 
this study. 
ξc is the inherent structural damping. 
ξi is the damping ratio of the isolation system. 
ξd is the damping ratio of the dampers. 
From equation 5.13, ξd for a two-span bridge can be calculated as: 
 
𝜉𝑑 =
𝜉𝑒𝑞 − (
𝐾 (𝑖_𝑎𝑏)
𝐾𝑒𝑓𝑓
) 𝜉𝑖
𝐾𝐵𝑒𝑛𝑡
𝐾𝑒𝑓𝑓
  −  (
𝐾𝐵𝑒𝑛𝑡
𝐾𝑐
) 𝜉𝑐
𝐾𝐵𝑒𝑛𝑡
𝐾 (𝑖_𝐵𝑒𝑛𝑡) + 𝐾𝑑
  −   (
𝐾 (𝑖_𝐵𝑒𝑛𝑡)
𝐾 (𝑖_𝐵𝑒𝑛𝑡) + 𝐾𝑑
) 𝜉𝑖
𝐾𝑑
𝐾 (𝑖_𝐵𝑒𝑛𝑡) + 𝐾𝑑
 
(5.14)                                                                
Based on the developed equations, the procedure of design is as follows: 
1. For a bridge structure with a known isolation system without any supplementary 
damping devices, the effective stiffness Keff1 and damping reduction factor of the 
structure, B1, is evaluated. For this structure, the displacement and base shear under the 
design seismic load is known. 
2. The required ε% increase in base shear and φ% decrease in superstructure displacement 
is identified by the designer.  
3. Based on equation 5.9, the ratio of Keff1/Keff2 is calculated.  
4. Subsequently, from equation 5.6, the ratio between the structural damping reduction 
factor before (B1) and after (B2) retrofit is calculated.  
5. The added damper stiffness Kd, and damping ratio ξd are calculated using equations 
5.12&5.14. 
Employing this method, the relation between the effective stiffness and the equivalent viscous 
damping of the energy dissipating system before and after retrofitting could be calculated. This 
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method applies to isolated bridges or isolated and already damped bridges with large 
displacements of the superstructure. An already isolated or isolated-damped bridge structure is 
characterized by its frequency of vibration, stiffness and damping which yield the total base 
shear on the substructure as well as the displacements on the superstructure. In the design or 
retrofit of damping system on a structure the final scope is to control the amount of base shear 
and displacement at the lowest possible cost. Therefore, the presented method will provide us 
with a simplified approach to calculate the required stiffness and damping properties of the new 
damping system.  
5.3 Bridge model 
In this section, a typical two span highway bridge has been modeled. The bridge has a deck 
weighing 8330kN and a span length of 35m for all cases. Finite element models for four 
different substructure elements composed of three circular piers with the total stiffness values of 
40500kN/m, 104300kN/m, 147700kN/m and 216800kN/m in transversal direction have been 
developed.  For all four values of substructure stiffness, there is one case with an already 
designed isolation system only and four cases with the same isolation system along with an 
added damper arrangement (Figure 5.3). The isolators are located under each five girders of the 
deck on the abutments and the bents. The bridge has already been designed for vertical dead and 
traffic loads. The isolation system has been designed considering the effect of  the dead and live 
loads and based on the uniform load method and the direct displacement method which is a very 
simple but consistent conceptual framework suggested for attaining the performance-based 
design aims (Priestley, 2000) & (Kowalsky, 2002). Therefore the properties of the isolation 
system are readily known.  
While the damping system (4 dampers) vary in stiffness and damping, the isolation system (15 
isolators) is supposed the same with total effective stiffness of 21750kN/m and equivalent 
damping ratio of 4.5% at design displacement for all cases in order to study the application of 
the simplified method.  
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Figure 5.3. Typical two span isolated-damped bridge analysis model 
 
Having calculated the required isolation system, the displacement of the superstructure is 
determined. To this end, assuming the proposed simplified method, the displacement could be 
reduced to the desired value by adding damper to the structure at the cost of some increase in 
the base shear exerted on the substructure. Based on the proposed method and from equation 
5.7, first the period of the structure at the desired displacement and acceptable base shear on the 
substructure could be estimated. In the second step, from equation 5.8 the effective stiffness of 
the structure, Keff2, is calculated. The equivalent damping ratio of the structure after adding 
damper, B2, is calculated from equation 5.6.  
Five scenarios (ε%, φ%) have been specified as: (+10, -20), (0, -30), (+10, -30), (0, -40) and (0, 
-50).  Based on the developed method, the values of Kd and ξd have been calculated for each of 
the five scenarios above. Figure 5 shows effective stiffness and damping ratio of the dampers 
for a continuous range of substructure stiffness and five pairs of ε and φ for an assumed 
isolation design accounting for the vertical loads.  
As it is seen in Figure 5.4, in cases with a great difference between ε and φ like the scenario (0, 
-50), for lower values of stiffness of the substructure, there are very high values of Kd 
(sometimes higher than the substructure stiffness), which might not be adequate for such 
structures. 
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Figure 5.4. Structure and damper correlation in terms of stiffness and damping ratio based on 
simplified method for five scenarios of ε and φ 
 
The values of damping ratio as well tend to be too high for less stiff substructures with such 
scenarios. For a given substructure, the bigger the difference between the ε and φ, the more 
stiffness and damping is needed for the required damper. 
5.4 Numerical modeling 
The structures have been analyzed in SAP2000 by two methods of response spectrum and 
nonlinear direct integration time history analyses to provide a robust comparison to the results 
from the simplified method. It is understood that the response spectrum analysis for a nonlinear 
structure is not completely satisfactory, but it is used to compare to nonlinear analysis and 
evaluate if it could be used as a preliminary tool to assess hysteretic damper efficiency. 
For response spectrum analysis, the spectrum from code CSA-S6-06 has been taken which is 
based on the seismic design provisions of the National Building Code of Canada (NBCC 2005) 
that prescribes input earthquake ground motions in terms of a UHS having a 2% chance of 
being exceeded in 50 years.  
In a nonlinear analysis, time histories of ground motion are required as input that is compatible 
with the UHS prescribed by NBCC. Apart from performing a deaggregation of the seismic 
hazard analysis followed by spectral matching techniques, there is an alternative method that 
generates simulated earthquake records that has a similar duration and frequency content. 
Atkinson and Beresnev (1998) developed UHS-compatible records to match the 1995 NBCC 
and then with a new target UHS introduced in 2005 NBCC they regenerated new scalable 
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earthquake time histories to match the NBCC UHS for a wide range of Canadian sites. These 
records are freely available for different soil types from Atkinson et al. (2015) 
Six synthetic near fault and far from fault ground motion time histories best matching between 
0.5 s to 2 s of the period for Montreal and Sherbrooke soil type C, have been used to evaluate 
the behavior of the structure. Three of six accelerograms were taken for Montreal (east7c1-28, 
east6c1-30 & east6c1-42) and the other three were taken for Sherbrooke (east6c1-30, east7c1-
42 & east6c1-42). Each earthquake name refers to region, magnitude, site class and set (near or 
far).  Thus east6c1 has the accelerograms for the east for M6.0, on site class C, for set 1 
(distance 10-15 km). Records for both magnitudes of 6.0 and 7.0 for the East have been taken.  
Numbers at the end of the name refer to the number of the earthquake in the sets of 45 records.  
These time histories have been subsequently scaled to account for the rate of spectral 
acceleration of the isolated and non-isolated bridges in the location. Based on the zonal 
acceleration ratio and soil type the spectra and the accelerograms could be scaled for the region. 
In the case of the present study, the scaling factor was to reduce the PGA to 0.5. Figure 5.5 
indicates the relevant 5% damped spectra for each of the histories and their mean spectrum 
compared to the design spectrum.  
To model the isolation system, a biaxial hysteretic link element has been employed. It couples 
plasticity properties for the two shear deformations, and linear effective stiffness properties for 
the other four deformations. The plasticity model is based on the hysteretic behavior proposed 
by Park et al. (1986). The Bouc-Wen model is applied where hysteretic parameters z1 and z2 of 
the model at both directions should satisfy√z12 + z22 ≤ 1. For this type of element, damping 
can be defined as an equivalent viscous damping in linear analyses.  
For nonlinear analyses, it is calculated at each step of the isolator loading based on a bilinear 
behaviour curve that defines a Bouc-wen model in the software as shown in Section 5.4.2.The 
vertical property of the isolator has been taken linear under the dead and service loads (CSI, 
2013). 
To model the hysteretic dampers, a Wen plasticity property has been defined (Wen, 1976). For 
this link element we can specify independent uniaxial plasticity properties for each 
deformational degree of freedom; all internal deformations are independent and yielding at one 
degree of freedom may not affect the behavior of the other deformations. 
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Figure 5.5. Design and mean spectra for the accelerograms 
 
The damper Wen elements in the model do not undergo axial loading under gravity. Definition 
of linear and nonlinear characteristics follows the same principles as for the isolator element.  
5.4.1 Response spectrum analysis 
Analysis of nonclassically damped systems normally requires a numerical solution of the 
coupled equations of motion. An approximate solution can still be obtained using modal 
analysis, neglecting the coupling effects between modes (Chopra, 2012). For linear analysis 
cases, the effective damping values are converted to modal damping ratios assuming 
proportional damping where the modal cross-coupling damping terms are ignored (CSI, 2013).  
To verify the efficacy of the developed method, the aforementioned four typical two-span 
bridge structures with a known isolation system design has been considered (Figure 5.3). The 
effective stiffness of the dampers, kd, can be calculated from equation 5.12 and the equivalent 
viscous damping of those elements, ξd, is calculated from equation 5.14. 
In the model, the vertical load is supported only by the isolator elements and the damper 
elements are free of any vertical loads. In the horizontal X and Y directions however, the bridge 
deck mass is split between the isolator (Mi) and the damper (Md) proportional to their respective 
stiffness. Based on their respective damping ratio and mass, the values of damping coefficients, 
Ci and Cd in both directions for isolators and dampers are determined. The mean values of 
effective stiffness for isolators and dampers were then used in the modal analysis to calculate 
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the period of the structure. As seen in Table 5.1, by increasing the lateral stiffness of the 
dampers, the damping coefficient of the isolators, the mass portion of isolators from the deck, 
and the period decrease. Meanwhile, the damping coefficient of dampers increases.  
Introducing the effective values of stiffness and damping to the aforementioned 3D models for 
four scenarios for ε and φ, response spectrum analyses have been performed and respective 
results for the base shear and deck displacement are presented in Table 5.1 for Kcy = 40500. 
Similarly, the results for the other values of substructure stiffness could be obtained with the 
same procedure. The dampers have been calculated considering Kcy in the transversal direction 
of the bridge. Since Kcx can be different from Kcy, a similar design procedure would need to be 
followed if retrofit is also needed in the other direction.  
Table 5.1. Analysis input and results (kN; m) for response spectrum method 
 
 
 
 
 
 
 
 
 
Comparison has been made between the scenarios and the case with no damper in Table 5.2. 
Linear analysis results show a marginal difference as compared to the assumed simplified 
method scenarios. When the modal damping ratio of the bridge at any designated mode is close 
to the predicted value of damping ratio from the simplified method, the difference between the 
results from both methods tend to decrease.  
 
 
 
Transversal direction Kcy=40500 
 No Damper 
ε-𝜑 % 
 
 
ε-𝜑 
ε-𝜑 
ε-𝜑 
 
10 ; -20 0 ; -30 10 ; -30 0 ; -40 0 ; -50 
Kd 0 13995 16692 25190 32219 72908 
ξd 0 0.093 0.207 0.144 0.294 0.532 
Md 0 319 354 437 486 627 
Mi 814 495 460 377 328 187 
T 1.262 1.068 1.049 0.999 0.973 0.893 
Ci 24 17 17 14 13 8 
Cd 0 87 219 198 461 1174 
D 0.099 0.079 0.065 0.066 0.060 0.050 
F 1985 2252 1944 2168 2120 2116 
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Table 5.2. Simplified method versus response spectrum analysis results 
 ε ; 𝜑 % 
Kcy 10 ; -20 0 ; -30 10 ; -30 0 ; -40 0 ; -50 
40500 13 ; -20 -2 ; -34 9 ; -33 7 ; -39 7 ; -49 
104300 10 ; -23 2 ; -31 10 ; -33 2 ; -42 -1 ; -54 
147700 13 ; -21 4 ; -29 15 ; -29 5 ; -40 -1 ; -53 
216800 13 ; -20 4 ; -29 14 ; -30 3 ; -41 -3 ; -54 
5.4.2 Time history analysis 
Modal superposition is usually accurate and efficient for linear systems. However, for a system 
with nonlinear behavior, time history analysis should be used and the damping coefficient is 
calculated in both longitudinal and transversal directions at the equilibrated displacement by 
forming the full damping matrix (CSI, 2013). By forming such matrix, the coupling between the 
modes can be considered to provide the most accurate results compared to linear analyses. 
In order to provide a more accurate comparative basis in the implementation of the simplified 
method, results for nonlinear direct integration time history analyses for the same typical two-
span bridge structures with a known isolation system design are presented in this section. For 
nonlinear direct integration time history, mass and stiffness proportional damping has been set 
to zero for all cases of the model. For time integration parameters, Hilber-Hughes-Taylor 
method 𝜸=0.50, 𝜷=0.25 and 𝜶=0.00 was used (Hilber et al. 1977). It is therefore assumed that 
all of the damping will be provided by the modelled isolator and damper. 
Assuming effective stiffness and damping used for response spectrum analysis, the nonlinear 
properties of the dampers and the isolators have been derived. The AASHTO provisions specify 
an equivalent linearization of the isolation bearing based on the bilinear model (AASHTO 
specification for isolated structures, 2010). Hwang et al. (1996) proposed that to obtain the 
effective stiffness Keff and equivalent damping of a hysteretic system ξeq, three parameters of 
elastic stiffness (Kel), post yield stiffness ratio (α= Kpl / Kel) and ductility ratio (μ=D/Dy) could 
be taken as variables and set to desirable values (Figure 5.6). Other parameters of the damping 
system are calculated accordingly. Equation 3.2 shows the value of effective stiffness in a 
bilinear hysteresis model and equation 3.3 shows the equivalent damping in the same model.    
  
 
 
83 
 
Figure 5.6. Bilinear model parameters 
 
It is important to note that this modeling technique is developed for hysteretic damping, but it 
could also be generalized for friction or viscous energy dissipating devices. Bilinear hysteresis 
model is a function of displacement as figured by the ductility ratio in the equations. The 
nonlinear hysteretic parameters implied by strain hardening ratio and ductility ratio could then 
be extracted from the effective values over a specified displacement range.  Figure 5.7 indicates 
the bilinear parameters of the isolation system by considering the effective values used in the 
linear analysis methods. 
 
Figure 5.7. Bilinear model of one isolator (a); Ki (displ.) and ξi(displ.) of the total isolation 
system 
 
The characterization of the isolator elements would then yield the nonlinear properties as shown 
in Table 5.3. These parameters form the energy dissipating loops of hysteresis in the isolator 
elements. These parameters yield a bilinear model with the same equivalent characteristics of 
stiffness and damping ratio as calculated by the simplified method. In the isolator 
characterization test results the hardening ratio tends to vary with the displacement, which 
explains the difference observed between the model and the test results. In the same manner, the 
nonlinear properties for the equivalent model of dampers can be calculated. Taking these 
equivalent values and having estimated the final displacement of the combined system from 
response spectrum analysis the hysteretic nonlinear properties of damper for each scenario on 
all four substructure stiffness values can be calculated. Example of one damper under the 
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scenario of (10; -30) for the bridge with substructure stiffness of 40500 kN/m is presented in 
Table 5.3. 
 
Table 5.3. Nonlinear properties of the isolation system 
Nonlinear property Isolator 
Damper (10 ; -30) 
Kcy=40500 
Elastic stiffness (kN/m) 28216 75027 
Post-elastic stiffness ratio 0.7 0.25 
Yield displacement (m) 0.0213 0.008 
Yield strength (kN) 601 600 
 
To this end, for the mentioned scenarios α is assumed equal to 0.3, 0.2, 0.25, 0.14 and 0.1 
respectively. For the specified displacement, μ is altered such that the equivalent damping from 
equation 3.3 becomes equal to the design damping ratio of the damper. The elastic stiffness of 
the damper is consequently altered such that the effective stiffness from equation 3.2 becomes 
equal to the design damper effective stiffness. 
Considering the nonlinear parameters of stiffness and damping in the model for four scenarios 
of ε and 𝜑, nonlinear direct integration time history analyses have been performed. Figure 5.8 
shows the response of the bridge for Kcy=147700 kN/m under east7c1-42 with the duration of 
12s for the bridge without damper and with all prescribed scenarios in comparison.  
Results for base shear and deck displacement averaged for the six accelerograms selected are 
presented in Table 5.4 for Kcy= 104300 kN/m. Similarly, the results for the other values of 
substructure stiffness could be obtained with the same procedure. 
As shown in Table 5.5, the base shear variation obtained with the time history analysis is often 
lower than the one predicted by the simplified method.  The comparison in the variation of the 
displacement however shows more comparable results although in some of the cases the results 
are somehow conservative.  
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Figure 5.8. Displacement and base shear history for Kc=147700 kN/m 
 
Table 5.4. Average nonlinear DINTH analysis results for Kcy =104300 (kN;m) 
 
 
 
 
For the bridge with Kcy=40500 kN/m, the required added stiffness tend to be very high for 
scenarios (0, -40) and (0, -50) as shown in Figure 5.4. Kd for the last scenario from the 
simplified method is calculated 72908kN/m that is around 1.8 times the substructure stiffness. 
For such cases there is not a proper response of the bridge under earthquakes.  
For all other cases the mean response correspondent to the six chosen accelerograms is on 
average in good agreement with the simplified method particularly for the displacement 
response. 
 
Transversal direction Kcy=104300 
 No Damper 
ε-𝜑 % 
ε-𝜑 
ε-𝜑 
ε-𝜑 
 
10 ; -20 0 ; -30 10 ; -30 0 ; -40 0 ; -50 
D 0.101 0.082 0.065 0.065 0.057 0.046 
F 2824 2728 2335 2436 2220 2420 
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Table 5.5. Simplified method versus average DINTH analysis results 
 ε ; 𝜑 % 
Kcy 10 ; -20 0 ; -30 10 ; -30 0 ; -40 0 ; -50 
40500 2 ; -16 -11 ; -33 -4 ; -36 12 ; -34 - 
104300 -3 ; -19 -17 ; -36 -14 ; -36 -21 ; -44 -14 ; -54 
147700 3 ; -20 -14 ; -36 -5 ; -37 -14 ; -47 -12 ; -56 
216800 -6 ; -20 -13 ; -35 -8 ; -36 -21 ; -46 -24 ; -56 
The higher the distinction between ε and φ, the more conservative are the time history results 
which can imply the fact that the damping calculated from the simplified method is in the 
conservative side. This however may vary with the applied accelerograms that do not definitely 
overlay on the response spectrum according to which the simplified method has been 
developed. 
5.5 Concluding remarks 
This study proposes a simplified method for the design and retrofit of energy dissipating 
systems for multi span highway bridges. Controlling the undesired displacements in the 
superstructure of the isolated bridges with additional damping devices is an issue of interest for 
the bridge designers. Knowing the needed properties, very simple and easy-to-replace dampers 
could be developed to account for this desired base shear and displacement variation. This 
method provides the final damping and stiffness rate of the structure based on its original values 
before retrofit. 
Comparing the results obtained from the numerical methods discussed previously, the 
simplified method showed to be a useful tool for the design of new dampers for an isolated 
bridge structure where we decide to have a desired range of base shear and displacement on the 
structure.  
Results from linear methods of analysis such as response spectrum method give close 
conformity with the results of this method. Results from time history nonlinear analyses imply 
that the amount of damping estimated by the simplified method could be somehow conservative 
especially for the base shear in scenarios with a great distinction between ε and φ.  
The effective stiffness of the dampers and isolators are sensitive to the loading and its 
amplitude, which in turn change the period of the structure. For a given isolated structure, 
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although the isolation system remains the same for all cases, the effective stiffness and damping 
vary since the variation of the stiffness in the dampers result in variation in displacement and 
consequently variation of effective properties of the isolation system.  
The proposed method does not consider the vertical effect of the earthquake, and the numerical 
method used in this article also neglects this component. Further research will be needed to take 
into account this component in the proposed method. 
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amortisseurs hystérétiques dans les ponts routiers avec isolation à la 
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Abstract: 
Using seismic isolation systems for highway bridges modifies the structure’s principal 
vibration modes, effectively reducing the seismic base shear conveyed from the superstructure 
to the substructure. However, for some low damping rubber isolation bearings, large 
displacements can be a problem. Supplemental hysteretic dampers can be introduced into the 
base-isolated bridge. This may nevertheless increase the structure base shear and the merit of 
adding dampers has to be evaluated properly. In this paper, a simplified method was 
implemented for the design of a low-cost hysteretic damper and the resulting isolator-damper 
system was tested experimentally. The employed design method is based on equivalent 
linearization approach. A full-scale elastomeric isolation bearing was characterized and used 
in the design of a hysteretic damper. Both the isolator and the damper went through cyclic 
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testing and real-time dynamic substructuring (RTDS) methods to verify the capacity of the 
method to design base isolation-damping systems. The study was further extended to extreme 
seismic loading by nonlinear time history analysis. Results show that the simplified method is 
adequate to be used in the performance optimization of isolated-damped bridges. 
Keywords: Base isolated bridge, Hysteretic damper, Real-time dynamic substructuring, Time 
history analysis. 
 
Résumé: 
L'utilisation de l’isolation sismique pour les ponts routiers modifie les modes de vibration 
principaux de la structure en réduisant efficacement l’effort tranchant sismique transmis de la 
superstructure à la sous-structure. Cependant, la superstructure s’expose aux grands 
déplacements dans le cas d’utilisation de certains appuis d’isolation en élastomère. Des 
amortisseurs hystérétiques supplémentaires peuvent être ajoutés dans le pont avec isolation 
sismique de la base. Ceci peut néanmoins augmenter l’effort tranchant de la structure et 
conséquemment l’ajout d'amortisseurs doit être évalué correctement. Dans cet article, une 
méthode simplifiée a été mise en œuvre pour la conception d’un amortisseur hystérétique 
économique et le système combiné d'amortisseur-isolateur a été testé expérimentalement. La 
méthode de conception employée est basée sur l'approche de linéarisation équivalente. Un 
isolateur en élastomère en échelle réelle a été caractérisé et utilisé dans la conception de 
l’amortisseur hystérétique. Le système combiné a été testé par deux méthodes dont la méthode 
cyclique en contrôle de déplacement et la méthode de sous structuration dynamique en temps 
réel (RTDS) afin de vérifier la capacité de la méthode dans la conception des systèmes 
d'amortissement pour les ponts routiers. L'étude a été étendue sous le chargement sismique 
extrême par l'analyse temporelle non-linéaire. Les résultats montrent que la méthode 
simplifiée est adéquate pour être utilisée dans l'optimisation de performance des ponts routiers 
avec isolation de la base. 
Mots-clés : Pont avec isolation de la base, amortisseur hystérétique, sous structuration 
dynamique en temps réel, analyse temporelle non linéaire. 
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6.1 Introduction 
It has been demonstrated by Golzan and Legeron (2010) that isolation systems for small to 
medium span bridges can be very effective to reduce substructure loading. A drawback of the 
system, particularly elastomeric low damping isolation bearings, is however that the seismic 
displacements can be very large, resulting in expansion joints that have high initial and 
maintenance costs. It would be interesting to provide supplemental damping to reduce the 
seismic response of the structures and in particular the displacement demand. This can be 
achieved by high damping bearings (Naeim and Kelly 1999) or for improved stability and 
damping by shape memory alloy isolators (Mishra et al., 2015). The design of such devices 
need a careful optimization of the isolation system properties and for example, this has been 
studied in the past using multi-criteria optimization methods by Hedayati and Alam (2013) 
and Kwag and Ok (2012). An economic alternative to using high damping isolators is to use 
normal low-cost elastomeric bearings and combine them with simple supplemental dampers. 
Such devices, nonetheless, can increase seismic loads in certain cases (Jangid and Kelly, 
2001). For example Kelly (1999) has pointed out that the extra viscous dampers may increase 
significantly the higher-mode response in the structures. Therefore, the optimal mechanical 
properties of damping devices should be addressed. These properties first depend on the type 
of damper selected. Many types of such devices are available for designers including metallic 
dampers with plastic hinge mechanisms, dampers in friction, and dampers that are employing 
viscous properties of fluids or solid elements.  
Many authors have shown that a considerable portion of the energy exerted by the earthquake 
can be absorbed and dissipated at designated places in a structure by yielding of metallic 
elements with hysteretic behavior (Moreschi and Singh, 2003). Skinner et al. (1993) showed 
that one method for augmenting energy dissipation of for example laminated rubber bearings, 
is to supplement additional components such as lead plugs inserted in the bearing. For this 
application, lead is advantageous compared to steel because it offers higher ductility and 
energy dissipation capacity in shear. This however, shall not restrict designers from employing 
steel dampers in different forms where deformation in flexure or even torsion is intended. 
Steel is easy to access and recycle, and it is also economic and durable.  In a research on the 
effects of a steel damper on a bridge, Maleki and Bagheri (2010) showed that the steel 
dampers can efficiently minimize the displacement demand and the maximum stress of the 
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superstructure of a bridge by supplying great energy dissipating capacity. Steel dampers have 
been reported and demonstrated efficient in the reduction of damage due to earthquake on 
bridge structures where there is significant deformation demands (Chen et al., 2001). Different 
types of steel dampers, mostly developed for building structures, which have lower 
deformation demands compared to bridges, include flexural deformation dampers (Stiemer et 
al., 1981) and (Suzuki et al., 2005), triangular dampers (Bergman and Goel, 1987) and (Pan et 
al., 2014), torsional beam (Skinner et al., 1975) and U shape steel strips (Aguirre and Sánchez, 
1992) and (Oh et al., 2012).    
In the context of small to medium span isolated highway bridges, economic solutions need to 
be provided to reduce superstructure displacements. Steel hysteretic dampers may be an 
adequate solution for this problem. However, to facilitate its use in practice, a simplified 
design method is needed to identify optimal damper mechanical properties. The objective of 
this paper is to use a simplified design method, developed previously (Golzan et al., 2015), for 
the design of a steel hysteretic damper. The damper is simply composed of steel bars that are 
aligned horizontally. This kind of dampers is simple in fabrication and installation, economic, 
and easy to handle in the retrofit of existing bridges.  
The following section explains the simplified method, its concept and governing equations. In 
section 6.3, the test setup designed for testing an elastomeric isolation bearing is introduced. 
The isolation bearing used in this study was characterized with this setup, as described in 
section 6.4. The simplified method allows estimating the required additional damping and 
rigidity for the structure. Then, a suitable type of damper is selected to provide the required 
additional damping and rigidity to the structure. In this regard, in line with the simplified 
method and knowing isolation bearing behavior, a steel hysteretic damper was designed, as 
presented in section 6.5. This design is performed considering a desirable rehabilitation 
objective for both substructure base shear and superstructure displacement. Section 6.6 
discusses experimental procedure which encompasses two phases of testing on the isolator-
damper system; 1) displacement controlled cyclic (DCC) testing and 2) real-time dynamic 
substructuring (RTDS) testing under seismic loading. DCC tests were used to characterize the 
behavior of the isolator-damper system. RTDS tests were used to identify the response of the 
system under a seismic excitation, for a limited range of seismic excitation. In section 6.7, the 
properties from the first phase of experimental tests were used to develop a nonlinear time 
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history numerical model of the isolation-damping system. The numerical model was validated 
with the results of the RTDS tests. Then, the numerical model was used to extend the study to 
extreme seismic loading.  
6.2 Simplified design method 
For bridges equipped with seismic isolators and energy dissipaters, it is usually more accurate 
to obtain maximum displacement demand through time-history analysis. However, in most 
cases of regular simple bridges (AASHTO, 2012; CSA S6-14, 2014), simple linear response 
spectra or uniform hazard elastic response spectra can be used at least for preliminary sizing of 
isolation system. These methods are based on equivalent linearization of the system by using 
an effective lateral stiffness and equivalent damping ratio. For most practical situations, 
principal mode of vibration is dominated by displacements of the superstructure because the 
superstructure mass is greater than the participant column mass and the isolation system 
allows large displacement of the superstructure. The error due to ignoring the substructure 
mass is not significant for light substructures but for those with heavy hammerheads and drop 
caps, the error in the column shear forces can be large (Wei et al. 2013). On this basis, in the 
equivalent linearized simplified design method, the whole system has been simply taken as a 
single-degree-of-freedom model for which the mass of the pier is neglected and the stiffness of 
the substructure and isolation system is combined is series. However, bridges with tall massive 
columns cannot be simplified by a SDOF model. 
 
Figure 6.1. Isolated and damped bridge 
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A base isolated bridge as shown in Figure 6.1 under an earthquake displaces and as a response 
develops base shear. The response depends on the behavior of all load supporting elements 
(substructure and isolation system). In certain retrofitting cases, a damper is added to this 
system to moderate its response in terms of displacement and base shear. As shown in 
Figure 6.1, the case without damper provides low damping. This can be seen for example in 
some of low damping elastomeric isolation bearings. Golzan et al. (2015) proposed a 
simplified method for the retrofit of simple regular bridges. The method is based on the 
equivalent linearization of the bridge elements and provides required added design stiffness 
and damping for a particular isolated bridge to attain a desired response under seismic 
loadings. The method restrains the parameters for the added damper such that the variation in 
the base shear (ε=(F2-F1)/F1) and the reduced displacement variation (φ=(D2-D1)/D1) remain 
within the required range. For a range of damping reduction factor after and before retrofit 
(B2/B1) between 1 and (1 + 𝜑)−1, the two equations for damping and stiffness from Golzan et 
al. (2015) are: 
 
𝑇𝑒1
𝑇𝑒2
=
𝐵2
𝐵1
= [(1 + 𝜑)(1 + 𝜀)]−
1
2 (6.1) 
 
𝐾𝑒𝑓𝑓2
𝐾𝑒𝑓𝑓1
= (
𝑇𝑒1
𝑇𝑒2
)
2
=
1 + 𝜀
1 + 𝜑
 (6.2) 
Where, Te is the natural period of the structure. Identifying target values for B2 and Keff2 
allows calculating the stiffness and damping design values for the damper. For the 
configuration studied, the isolation bearing and the damper specimens are aligned in parallel. 
Final equivalent damping ratio in equation 6.3 comes from the participation of damping from 
both segments proportional to the ratio of stiffness of each to the combined effective stiffness 
for two parallel springs in equation 6.4 (Roesset et al., 1973; Jara and Casas, 2006). 
 𝜉2 =
𝐾𝑖
𝐾𝑖 + 𝐾𝑑
𝜉𝑖 +
𝐾𝑑
𝐾𝑖 + 𝐾𝑑
𝜉𝑑 (6.3) 
 𝐾𝑒𝑓𝑓2 = 𝐾𝑖 + 𝐾𝑑 (6.4) 
Where, ξi, ki, ξd and kd are the damping ratio and stiffness values attributed to isolator and 
damper respectively. 
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6.3 Experimental setup 
This section describes the equipment used to perform the tests on the full size bearing isolator 
device and the proposed damper. The test setup, shown in Figure 6.2, was initially designed to 
perform tests on isolation bearing devices. It allows to apply a constant vertical load and to 
impose a horizontal displacement on the isolation bearing. The test setup was modified to add 
a damper prototype in parallel to the isolator. The testing procedure is monitored by a data 
acquisition and a controlling system. The controller is governed by commercial software that 
is connected to the actuators through a signal channel. 
The various parts of the test setup are: the vertical and horizontal loading system; the rollers 
sliding surface; the instruments to measure displacements; and the control systems.  
 
 
 
Figure 6.2. Test setup for isolation bearing and damper 
 
To simulate the gravity load of the bridge deck on the isolation system, it is important to have 
a system that imposes a constant vertical load. The vertical load is applied by two servo-
controlled hydraulic jacks that have a nominal capacity of 1000kN. These two servo-
controlled jacks are fixed to the overhead frame and are supporting the weight of the test setup 
that otherwise should rest on the bearing isolator device. The resultant load is concentric 
because the two jacks are symmetrically arranged with regard to the isolation bearing center 
and, it is considered uniformly distributed due to the plates and the beams of the vertical load 
system. During horizontal displacement, the rotation of the vertical loading system is 
prevented by a beam fixed at this system at one extremity and pinned at the other one 
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(Figure 6.2). This beam also prevents longitudinal movement of the vertical load. Transverse 
movement of the vertical load was prevented with a guiding device that allows vertical 
displacement.  
The horizontal load is applied by a pair of servo-controlled hydraulic jacks of a nominal 
capacity of 250kN and a total shaft extension of 1000 mm (±500 mm). The upper plate of the 
isolation bearing is bounded to the horizontal jacks by the mobile plate, whereas the lower 
plate of the isolation bearing is fixed to the ground plate. The anchorage box-beam supporting 
the fixed end of the horizontal jacks is connected to the ground plate by beams that can resist 
the horizontal force applied by the jacks. Furthermore, the anchorage box-beam and the 
ground plate are attached to the structural strong-floor of the laboratory to obtain a maximum 
of rigidity of the test setup. The applied horizontal load is displacement controlled and is 
measured directly by the jacks applying the load. In the characterization phase of the isolation 
bearing, the damper is not installed in its place so that the bearing carries the whole horizontal 
force. 
The required decoupling and sliding surface between the upper plate and the vertical load 
system is accomplished by a set of parallel rollers fixed in a steel frame (Figure 6.3a&b). The 
resistance in displacement of clean rollers under a vertical load of 900kN is about 6.3kN that 
represents 0.7% of the vertical load. Thus the total measured force includes a resistance caused 
by the friction of the roller and the sliding plates, which should be deducted. 
  
(a) (b) 
Figure 6.3. Roller between vertical jacks and the sliding plate over the bearing (a & b); 
Isolation bearing (b) 
 
Diverse devices measure the horizontal displacements. The extension of the two horizontal 
jacks establishes the main measure of the horizontal displacement. However, the extension of 
the jacks can differ from what is measured at the level of the plates of the isolation bearing 
because of the stiffness of the assembly. Thus two sensors measure the displacement of the 
upper and lower plates in the center of the isolation bearing relative to the ground plate. The 
  
 
 
97 
relative horizontal displacement of the plates of the isolation bearing is then obtained by 
subtraction. The difference between the displacement measured by the sensors and the 
horizontal jacks can reach up to 5 mm.  
The forces and displacements are recorded at the rate of 25 Hz for cyclic tests and 100 Hz for 
real time hybrid tests by the controller of the jacks. The acquisition of the data begins before 
the application of the vertical load and ends after it has been removed. One MTS controller 
operates the servo-valve of each of the four hydraulic jacks (2 vertical and 2 horizontal) 
independently from the force or displacement feedback, at the choice of the operator. 
6.4 Characterizing the isolation bearing 
Before designing the damper, it is necessary to perform comprehensive testing in order to 
characterize the isolation bearing to find out its displacement dependant nonlinear properties. 
This bearing is a laminated rubber isolation bearing designed for one of the piers of a highway 
bridge in the province of Quebec, Canada. With the dimensions of 500500100 mm it was 
designed for a vertical load of 900kN, a base shear of 302kN and a maximum displacement of 
103mm. Two series of characterization tests were performed on the isolation bearing in 
Figure 6.3: one before testing with dampers and the second as a control series after testing 
with dampers. No significant change was noticed in the behavior of the isolator after all tests.  
The characterization test on the bearing was performed using a progressive sinusoidal loading 
as specified by CSA S6 (2006).Testing the bearing at different displacements and drawing the 
trend line for all captured data, Figure 6.4 shows how the effective stiffness and the equivalent 
viscous damping ratio vary at various displacements of the bearing. Based on this 
characterization, some constituting laws of the isolator were drawn to constitute an 
approximate bilinear model of the bearing in the design of the damper.  
  
Figure 6.4. Behavior of the bearing at different displacements 
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From Figure 6.4 the effective stiffness and the equivalent damping ratio of the isolator at 
design displacement 103 mm are 2940kN/m and 0.045 respectively. The test condition 
simulates an isolator on a bridge with a very stiff substructure (Base of the lab) that can be 
assumed infinitely rigid. Considering the design vertical load of 900kN on the isolator, the 
natural period of the system is equal to 1.1s.  
6.5 Designing a hysteretic damper 
In the following sections, a system combining a base isolation bearing and a damper will be 
designed and tested. This system provides a complete example of an application of the 
simplified method.  
To facilitate its use in the design of isolated bridges, dampers need to be simple, low 
maintenance, and easy to procure. For these reasons, the use of a hysteretic damper made of 
steel bars is proposed. However, because metallic dampers have a certain intrinsic stiffness, 
they could produce an increase in force depending on the post elastic characteristics of the 
damper, which greatly governs its damping level. 
The proposed damper in this paper is composed of several fixed end steel bars aligned 
horizontally (Figure 6.5a) that dissipate the energy of a vibration by plastic hinge mechanisms 
at both ends and mid-length of the bars (Figure 6.5b). The response of the superstructure to 
earthquake in terms of exerted force is applied to the damper bars through an articulation, 
which assures the yielding of the bars in bending only, and not in torsion. The number of bars 
and their lengths as well as the steel grade can determine to what extent the displacement 
demand will be satisfied by this design method. The choice of several bars is useful for 
distributing the end moments on a larger surface.  
The horizontal disposition of the elements versus the vertical disposition is a simple way to 
ensure that a temporary or permanent vertical displacement of the bridge will not impose 
undesirable axial forces in the damper.  
This configuration will only leave a small bending moment on the bars in the vertical 
direction. Furthermore, this configuration gives more flexibility in the choice of number, 
length and diameter of the bars. However, this type of damper will perform in one direction, 
and therefore, horizontal bars would need to be placed in any direction of the bridge subject to 
retrofit. 
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(a) 
 
  
 
 
(b) 
Figure 6.5. Conceptual configuration of the damper (a); Energy dissipation on plastic 
cross section (b) 
 
The middle plate that transfers the horizontal displacement of the upper plate to the specimen 
is not fixed to the bars so that the bars can freely rotate and slightly move in the length of the 
bars and avoid any torsion or axial loads imposed by bidirectional movement of the middle 
plate.  
To use the simplified method as discussed in CHAPTER 5 a simple model is needed to 
characterize the stiffness and damping behaviour of both isolators and dampers. To this end 
equations 3.2 & 3.3 as discussed in CHAPTER 3 shall be employed. Assuming the desired 
equilibrated displacement and force for the combination of isolation bearing and damper, the 
geometry of the damper can be determined based on equations 6.5&6.6 for round steel bars 
subject to bending:  
 
𝐾𝑒𝑙 =
3𝑛𝜋𝑑4𝐸
𝑙3
 (6.5) 
 
𝐷𝑦 =
𝐹𝑦. 𝑙
2
12𝐸. 𝑑
 (6.6) 
Where, n is the number of steel bars, l is the length of the bars, d is is the diameter of the bars, 
E is the modulus of elasticity (equal to 200 GPa) and Fy is the yield strength of the material. 
The first step in the design of the damper is to set targets for variation in base shear ε, and 
variation in superstructure displacement φ. In the present case, the (ε%, φ%) scenario was 
taken arbitrarily (0, -50). From equation 6.1, the target damping ξ2 is found to be 0.08 and 
from equation 6.2 the target effective stiffness Keff2 equals to 5880kN/m for the complete 
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structure. The effective stiffness of the damper Kd, from equation 6.4 is 2940kN and its 
equivalent damping ratio ξd from equation 6.3 is 0.14. 
The second step is to set the stiffness Ke and damping ξe in equations 3.2&3.3 equal to Kd, and 
ξd respectively and then calculate the parameters for the representation of the damper in the 
bilinear model. Two commercially available steel grades with the approximate yield strength 
Fy of 350MPa (hot-rolled steel) and 580MPa (cold-rolled steel) were chosen. Having 
performed some preliminary tests, the post yield stiffness ratios were taken approximate 
values of 0.3 and 0.4 for hot-rolled and cold-rolled steel respectively. This ratio depends on 
both the steel properties and the geometry of the damper. Ductility ratio (μ=D/Dy where D is 
already defined with the target variation in displacement φ and Dy is the yield displacement) 
and elastic stiffness Kel can then be calculated using equations 3.2&3.3. In the third step, the 
elastic stiffness Kel and the elastic displacement Dy can be related to the geometry of the 
damper using equations 6.5&6.6. The number of bars n needs to be assumed in order to solve 
for the diameter and length of the bars, In this case, the use of six bars was found to give 
practical bar sizes for the available test setup and isolator. For the damper composed of six 
bars, the diameter and length of bars were found respectively equal to 36mm and 1352mm for 
hot-rolled steel and 35mm and 1499mm for cold-rolled steel. For practical reasons, it was 
decided to use bars of 38mm (1.5 inches) diameter and the 1500mm length for both hot rolled 
and cold-rolled steel. A total of five specimens were fabricated for the tests: three specimens 
made up of cold-rolled steel (CR) and two specimens made up of hot-rolled (HR) steel. For 
each specimen, two coupons were tested according to ASTM E8 / E8M - 15a (2015) standard 
test methods for tension testing of metallic materials to determine the steel yield strength Fy. 
With the selected values for n, d, l and the measured values for Fy, the actual properties of 
stiffness and damping of the damper can be predicted by equations 3.2&3.3. Subsequently, the 
final stiffness and damping properties of the combined isolation-damping system can be 
calculated with equations 6.3& 6.4.  This leads to updated predictions for (ε%, φ%), as 
calculated with equations 6.1& 6.2, which can be a little different from the primarily assumed 
ones. Values found using the procedure above for the selected test specimens are summarized 
in Table 6.1. 
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Table 6.1. Design properties 
Specimen Fy(MPa) Dy(mm) ξ2 𝐾𝑒𝑓𝑓2 (ε%, φ%) D (mm) 
HR1 371 9 0.11 5998 (-7, -54) 47 
HR2 356 9 0.10 6015 (-6, -54) 47 
CR1 590 14 0.11 7227 (3, -58) 43 
CR2 596 15 0.10 7472 (6, -58) 43 
CR3 530 13 0.09 7301 (9, -56) 45 
6.6 Testing isolation bearing and dampers 
Two testing procedures were used in this phase: displacement controlled cyclic (DCC) testing 
and real-time dynamic substructuring (RTDS) testing. For a complete fixation of the bars by 
the end block against any rotational and translational displacement a girder was added 
(Figure 6.6b) on top of the blocks to provide ideal fixed boundary conditions. As shown in 
Figure 6.6, a laser sensor (on the vertical bar) was placed to measure the horizontal 
displacement in the middle of the specimen relative to the end blocks.  
 
(a) (b) 
Figure 6.6. Plan view of the damper without girder (a); Fixing girder between blocks (b) 
 
6.6.1. Displacement controlled cyclic tests 
Displacement controlled cyclic (DCC) loading has been performed on all specimens. These 
tests for specimens HR2 and CR3 were performed after RTDS testing. Frequency of loading 
and number of cycles were two parameters to be verified during the tests. A frequency of 0.25 
Hz was used in general for DCC tests, but tests were also performed at 0.1 Hz and 0.5 Hz. The 
effect of loading frequency on the results of DCC testing was found to be negligible.  
Fixed end 
blocks 
Laser 
sensor 
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To match approximately the final displacements outlined in Table 6.1, the specimens were 
tested at three or four amplitudes with the lowest amplitude corresponding approximately to 
yield displacement. These displacement amplitudes are 9, 50, and 60 mm for hot rolled 
specimens and 12, 30, 40, and 50 mm for cold rolled specimens. Three loading cycles for each 
designated displacement amplitude were performed consecutively as shown in the loading 
force and hysteretic curves of Figure 6.7 for specimens HR1 and CR2. In this figure, force for 
isolator alone and for combined isolator and damper has been measured in two different tests. 
 
 
 
 
Figure 6.7. Comparison of the combined system vs. isolation only for two specimens 
 
As shown in Figure 6.7, hot rolled steel dampers are more advantageous with lower added 
stiffness and more damping effect compared to cold rolled steel dampers; having lower yield 
displacement, they also reach larger ductility values. In specimens HR1 and HR2, the attained 
ductility ratio at the maximum design displacement of the specimens is 5.2 and for CR1 
through CR3 they are 3.1, 2.9 and 3.5 respectively. A comparison in terms of effective 
stiffness and equivalent damping has been made between the isolation bearing and its 
combination with five specimens in Figure 6.8. While specimens HR1, CR1 and CR2 were 
first tested by DCC method, it should be noted that the specimens HR2 and CR3 underwent 
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real time dynamic substructuring (RTDS) tests as discussed in section 6.6.2. It is seen in 
Figure 8 that being damaged by RTDS tests (passing yield displacement limit of the specimen) 
does not have a significant effect on the effective stiffness and equivalent damping ratio of the 
combined system because the displacement after yield in RTDS tests is much less than the 
designated displacements in cyclic tests. It is seen in this figure that for a given displacement, 
hot rolled steel specimens have a higher damping ratio.  
 
 
Figure 6.8. Effective stiffness and equivalent damping ratio of specimens in various 
displacements 
 
6.6.2. Real-time dynamic substructuring tests 
The method of RTDS testing often referred to as real-time hybrid testing, combines a 
numerical model with an experimental test. By substructuring techniques, it is possible to 
experimentally test only one part of a structure and subsequently study the global behavior of 
it in real time.  
For a known external excitation and employing a proper integration algorithm, the response of 
the structure could be solved numerically at any time step for the relevant displacement 
command applied by a hydraulic actuator. The acquired substructures’ restoring forces are 
subsequently entered into the integration algorithm for the next time step displacement 
command.  
Let’s assume a bridge deck with a known mass placed on top of an isolation system as 
described in this study (section 6.4) with a very stiff pier (solid floor slab of the laboratory). 
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The system is equipped with the above-mentioned damper parallel with the isolator. 
Considering that the movement of the bridge during an earthquake takes place essentially in 
the horizontal direction at the level of the isolation bearing, the structure can be simplified as a 
single degree of freedom (SDOF) system. Since the effect of rollers is small and the base of 
the setup can be assumed to be completely rigid, the equation of movement can be written as: 
 Meqü + Ci+du̇ + Ki+du = f(t) (6.7) 
Where Meq, is the mass of the deck taken as 91.7 tons, Ki+d is the effective stiffness of the 
combined system, Ci+d is the damping from the combined system, and ü, u̇, u are acceleration, 
velocity and displacement of the system respectively. By considering the deck mass that is 
applied virtually and applying the external earthquake loading on the system, the response of 
the combined experimental and numerical structure can be determined in real time by RTDS 
testing method. The effective stiffness and equivalent damping behavior of the experimental 
portion leads to restoring force used by the system to calculate the global response in a 
stepwise manner. 
Figure 6.9a is a schematic SDOF view of a bridge on an isolation bearing and a damper. The 
numerical part is composed of only the deck mass while the bearing system is experimentally 
tested. As shown in Figure 6.9b, actuators are directed by an industrial MTS controller 
(Flextest) rhythmed at every 1/1024 s. The MTS controller is commanded itself by a National 
Instruments controller (CompactRIO) (Figure 6.9c). This latter controller resolves in real time 
the equation of motion by Rosenbrock-W direct integration scheme (Lamarche et al. 2009) 
with a rhythm of 2.5 milliseconds. Both controllers communicate the signals of force-
displacement by analog channels. 
In real time, a particular attention should be paid to the control of delay between the command 
for displacement and the movement of the jack. For these tests, the delay was corrected by 
adding of a straight feedforward gain to the controller. 
Real time hybrid tests were done on isolator alone, undamaged bars (CR3 & HR2) and 
damaged bars from cyclic tests (CR2 & HR1). Northridge earthquake accelerograms scaled at 
10%, 20%, and 30% of its ground acceleration were used for these tests. Scaled accelerograms 
were taken as input to National Instruments controller and subsequently to MTS controller that 
commands the horizontal jacks. Due to velocity limitation of the horizontal hydraulic jacks for 
displacements over 40 mm with the velocity of 210 mm/s, the scaled accelerograms to 40% on 
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isolator alone was not performed and hence the comparison of the results for this case with the 
specimens is not possible. Furthermore, the test would abort near the maximum peak point of 
the velocity where the jacks could not follow the command from the controller.  
 
 
 
(a) 
 
(c) 
(b) 
Figure 6.9. Configuration for RTDS testing on a SDOF model 
 
Using RTDS tests has the advantage of not imposing the displacement or the force on the 
system: it is the seismic excitation that is controlled.  
Figure 6.10 shows the displacement and force history of two specimens exposed to Northridge 
earthquake scaled to 30%. For both the hot rolled (HR1) and cold rolled (CR3) specimens 
presented, a decrease in displacement and an increase of the force is obtained by adding the 
damper to the system. 
Hysteretic behavior of the two specimens, as shown in Figure 6.11, shows the effect of steel 
grade on the damping and stiffness under the same earthquake. It is seen that the cold rolled 
specimen shows higher stiffness and lower damping, and hence higher response force 
compared to the hot rolled specimen. 
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Figure 6.10. Displacement and force history of HR1 and CR3 with and without isolator under 
Northridge 30% 
 
                 
 
Figure 6.11. Hysteretic response of HR1& CR3 with and without isolator under Northridge 
30% 
 
All RTDS testing results for specimens HR1, HR2, CR2 and CR3 under Northridge scaled to 
30% are summarized in Table 6.2, which shows the effective values of damping and stiffness 
at the displacements obtained. It also shows the values of increase in the force (ε) and decrease 
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in the displacement (φ) relative to the case where the isolation bearing was tested. Specimens 
HR1 and CR2 have already been tested by DCC method at amplitudes of 47mm and 43mm 
respectively. This implies that the specimens have yielded and in RTDS tests can show 
different behavior from other two specimens. Under the same accelerograms, the undamaged 
specimens showed lower displacement and force with more effective stiffness and low 
damping ratio. 
 
Table 6.2. RTDS testing results for specimens under Northridge scaled to 30% 
 
Dmin/max Fmin/max 𝜇 Keff 𝜑% 𝜺% ξ% 
Isolator 
-38.8 -123.1 - 
3242 - - 5.5 
36.5 121 - 
                
HR1 
-17.3 -143.5 1.92 
7183 -42 +29 7.3 
26.5 171.2 2.94 
                
HR2 
-15.4 -130.4 1.71 
8938 -59 +13 4.1 
15.4 144.7 1.71 
                
CR2 
-16.3 -136.4 1.09 
7924 -49 +25 4.4 
22 167.6 1.47 
                
CR3 
-17.1 -146.5 1.32 
8668 -54 +24 3.3 
17.8 156 1.37 
For 30% of Northridge, all specimens experience yielding as their displacements are greater 
than their respective yielding limit. From the results, the ratio of damping reduction 
coefficients for the combined cases, B2, and the case with isolation bearing, B1, except for 
HR1 is less than 1, which is contrary to the assumption that B2/B1 should be between 1 and 
(1+𝜑)−1. This is attributed to the fact that tests with higher scales of Northridge were not 
possible due to the speed limitations. Nevertheless, for specimen HR1, the ratio of B2/B1 is 
calculated by equation 6.1 of the method to be 1.15 while this ratio from the tests is 1.09, 
which shows a close conformity between the tests, and the method. It is expected that for 
higher displacements, the contribution of the damper to the overall damping of the system will 
increase significantly. 
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The ratio of effective stiffness from combined system to isolator, Keff2/Keff1 based on equation 
6.2 of the method shows a close match between the test results and the estimations by the 
method. In summary, the stiffness obtained in the RTDS tests for combined isolator and 
damper was similar to those predicted by the simplified method. However, due to limitations 
in the actuator’s speed, these tests could not reach amplitudes for which the dampers exhibit 
the damping ratios calculated with the simplified approach.   
6.7 Extending study with numerical modelling 
A 2D numerical model of the setup was analysed in the finite element software SAP2000 to 
first reproduce some of the RTDS tests, and then extend the study to excitation levels for 
which the damper was designed. As it is shown in Figure 6.12a, the model consists of three 
main components of the test setup. To model the isolation system, a biaxial hysteretic link 
element was employed. It couples plasticity properties for the two shear deformations, and 
linear effective stiffness properties for the other four deformations. The plasticity model is 
based on the hysteretic behavior proposed by Park et al. (1986). The vertical property of the 
isolator was taken linear under the dead and service loads. For nonlinear direct integration 
time history, mass and stiffness proportional damping was set to zero for all cases of the 
model. For time integration parameters, Hilber-Hughes-Taylor method with 𝜸=0.50, 𝜷=0.25 
and 𝜶=0.00 was used (Hilber et al. 1977). A bilinear model following equations 6.3 & 6.4 was 
assumed to define the nonlinear properties of the isolator. Based on the characterization tests 
presented in Section 6.4, the properties of the bilinear model for the isolator were found to be 
Dy = 13mm, Kel=3900 and α=0.72. 
To model the damper and also the friction of the roller, a Wen plasticity property was defined. 
For this link element, we can specify independent uniaxial plasticity properties for each 
deformational degree of freedom; all internal deformations are independent and yielding at 
one degree of freedom may not affect the behavior of the other deformations. The damper 
element in the model is not subject to vertical loading under gravity, whereas the roller 
element is subject to a load of 900kN. In order to define the properties of the bilinear model 
for the damper, equations 3.2& 3.3 are also used. The elastic displacement Dy and stiffness Kel 
were assumed equal to the calculated values from equations 6.5 & 6.6. The post yield stiffness 
ratio, α, was evaluated by subtracting the force-displacement curve from tests on the isolator 
alone (Section 6.4) from the force-displacement curve for the combined system (section 6.6). 
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For hot rolled and cold rolled specimens, α, was evaluated on average as 0.27 and 0.42 
respectively. Figure 6.12b compares the history of displacement from analysis and RTDS 
testing for HR2. It is shown that the displacement time history from both tests and numerical 
analyses matches closely.  
 
       
 
(a) (b) 
Figure 6.12. Numerical model (a); Test& analysis comparison under Northridge 30% 
 
In order to further extend the study, six synthetic near fault and far from fault ground motion 
time histories (Atkinson et al., 2015) best matching between 0.5 s to 2 s of the period for 
Montreal and Sherbrooke soil type C, have been used to evaluate the behavior of the structure. 
Three of six accelerograms were taken for Montreal (east7c1-28, east6c1-30 & east6c1-42) 
and the other three were taken for Sherbrooke (east6c1-30, east7c1-42 & east6c1-42). Each 
earthquake name refers to region, magnitude, site class and distance. Thus east6c1 has the 
accelerograms for the east for M6.0, on site class C, for distances 10-15 km. Records for both 
magnitudes of 6.0 and 7.0 for the east have been taken. Numbers at the end of the name refer 
to the number of the earthquake in the sets of 45 records. Each accelerograms was scaled so 
that the numerical model without the damper yielded approximately maximum design 
response of the bearing. Subsequently the same scaled earthquake was applied to the model 
with the damper element to verify the rate of decrease in displacement as well as the rate of 
increase in the base shear of the model. Since the specimens with the same grade of steel had 
similar results, they were regrouped into only HR and CR numerical models. Figure 6.13 
shows the history of response for isolator with and without HR specimens.  
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(a) (b) 
Figure 6.13. Numerical results for specimens under design accelerograms of scaled 
east7c1_28 
 
The average values of response of the system without and with dampers under six 
accelerograms are compared to the results from the simplified method in Table 6.3.  
 
Table 6.3.Response of the combined system for the numerical model 
 
Simplified method 
 Displacement controlled 
cyclic testing 
Numerical method  
extended from RTDS   
Specimen D(mm) (𝛗) F (kN) (𝛆)  F(kN) (𝛆) D(mm) (𝛗) F (kN) (𝛆) 
HR1 47 (-54%) 284(-7%)  297 (-2%) 
56 (-42%) 326(11%) 
HR2 47 (-54%) 285(-6%)  303 (0%) 
CR1 43 (-58%) 313 (3%)  334 (10%) 
52 (-47%) 370(26%) 
CR2 43 (-58%) 323 (6%)  335 (11%) 
CR3 45 (-56%) 331 (9%)  335 (11%) 
Although the variations in displacement and base shear have a general agreement between the 
numerical model and the simplified method, it is observed that the decrease in displacement is 
lower and the increase in base shear is higher for the numerical model. The variations in the 
force and displacement response from the time history analysis can be different from what has 
been predicted by the simplified method and DCC testing because the proposed method 
simply assumes that the response is inversely proportional to the period. Nevertheless, the 
  
 
 
111 
simplified method can be a useful tool for the rapid selection of damper properties to reduce 
isolated bridge displacements under seismic loads. 
6.8 Concluding remarks 
A simplified method for the design and retrofit of energy dissipating systems for highway 
bridges has been presented. Following this simplified method, very simple and easy-to-replace 
steel hysteretic dampers prototypes have been designed and tested by DCC and RTDS testing 
methods. After the experimental verifications, the behavior of the proposed damper was 
further investigated numerically. 
The main conclusions are as follows: 
1. The simplified method can be useful in selecting the optimal added stiffness and 
damping to a structure where the control of displacement and base shear is required. 
2. A simple steel hysteric damper has been designed that has several advantages. First the 
elements are horizontal so the vertical movements of the deck of the bridge may not 
affect its functionality. It also permits to choose a desired length and cross section for 
the damper elements. Finally, the three point plastic hinge mechanism in the proposed 
damper offers a greater capacity for the elements to dissipate earthquake energy. 
3. DCC test results for both hot rolled and cold rolled specimens show a good conformity 
between the predictions of the method and the test results. Hot rolled specimens show 
more damping and reach higher values of plastic deformation compared to the cold 
rolled ones.  
4. RTDS test results for HR1 specimen show a close conformity between the method and 
the tests in terms of added stiffness. However, due to velocity limitations of the 
hydraulic jacks for other specimens, damping ratio stayed lower than the case with the 
isolator alone because the damper could not dissipate much energy for these low 
amplitude cycles. 
5. Results from nonlinear time history analyses of the specimens follow closely the 
history recorded during the RTDS tests.   
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6. The extended numerical modeling depicts a general agreement between the simplified 
method and test results on prototypes. The time history analysis on average predicts a 
smaller decrease in displacement and a larger increase in base shear.  
7. The damper developed in this study is only one suggestion to implement the simplified 
method in practice. Other existing dampers could be tested for a better verification of 
the method. 
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CHAPTER 7. SUMMARY, CONCLUSIONS, AND 
FUTURE RESEARCH 
7.1 Summary and conclusions 
This thesis is dedicated to the simplified design method of energy dissipating devices for 
isolated multi span highway bridges. 
The thesis is based on the fact that for retrofitting purposes of existing bridges and similarly 
for new bridges, in most cases it is advantageous to use isolation systems. The bridges under 
study are limited to short to medium span regular bridges. Although the developed method in 
this research can be generalized to all types of isolation systems, emphasis was put on the 
retrofit of the elastomeric isolation systems.  
In isolated bridges, controlling the undesired displacements in the superstructure with 
additional damping devices is an issue of interest for the designers. This research was 
performed to provide a simple, optimal and practical design method for damping devices and 
also a simple, easy-to-replace and acceptable type of damper with a low operation and 
maintenance (O&M) cost. 
The simplified method for the damper design is based on the uniform hazard spectral 
acceleration. It was evaluated by numerical and experimental methods. According to each 
phase of the research the following can be concluded and proposed. 
7.1.1. Recommendations on CSA-S6-06 
In CHAPTER 4, discussion was made on the provisions of the 2006 version of the code CSA 
S6 as at the time of the research, 2014 version of the code had not been released.  Updated 
conclusions for this chapter are outlined below: 
 Elastomeric bearing for base isolation of a bridge as a rehabilitation method is shown 
to be effective. It is more cost effective and less time consuming compared to the work 
required to upgrade the foundation system as in conventional bridges. 
 For lifeline and emergency bridges, in most cases with lower modification factor 
independent of the weight, length or stiffness, the isolation system is interesting to 
reduce pier force.  
 Base isolation is more efficient on sites with rock or very stiff soil types. 
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 The stiffness of the bridge substructure has a positive effect on the use of isolation 
system. The stiffer the bridge is the more efficient is the isolation system.  
 The code does not provide any importance factor for isolation systems that behave 
elastically. However, the engineer that would like to provide a little better behavior of 
the bridge under large earthquake could increase slightly the seismic forces to reflect 
the type of bridge under consideration. Also, an importance factor could be designated 
in this regard to account for a real performance based design criteria as is considered in 
the 2014 version of the CSA S6. 
 In seismic zones, even if the bridge is not considered for seismic rehabilitation, it is 
better to consider the use of elastomeric bearing at the scheduled times of bearing 
changes. A structural fuse to avoid a floating system under service load should also be 
considered. Even if the capacity of the bridge is not sufficient according to the code, it 
is always possible to increase seismic resistance, which is always desirable to reduce 
seismic risk, specifically in urban areas. 
7.1.2. Simplified damper design method 
The results obtained from all numerical methods as discussed previously show the efficacy of 
the simplified method in estimation of the properties of new dampers for an isolated bridge 
structure where a desired range of base shear on the substructure and in the meantime desired 
displacement limit on the superstructure is sought. The salient results can be outlined as 
follows: 
 Knowing the isolation system properties and desired design or retrofit objectives, the 
simplified method provides equations and diagrams that can anticipate the properties 
of the dissipating devices to comply with the design expectations. For a typical two 
span bridge, linear methods of analysis like response spectrum method give close 
conformity with the results of this method. 
 Based on the simplified method, the higher is the stiffness of the piers the lower is the 
stiffness variation to achieve the required design goals. That is, a slight increase in the 
stiffness of the dampers along with their damping ratio will yield the proper response 
as expected. 
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 This method provides the final damping reduction factor of the structure based on its 
original one before retrofitting. Based on the type of the damper (viscous, hysteretic, 
etc.) and their respective constitutive law, the final damping of the structure can be 
decomposed to find the required damping in the damper elements. 
 The effective stiffness of the dampers and isolators are sensitive to the loading and 
displacement amplitude, which in turn changes the period of the structure. For a given 
isolated structure, although the isolation system remains the same in all cases, the 
effective stiffness and damping vary with the displacement.  
 Results from time history nonlinear analyses imply that the amount of damping 
estimated by the simplified method could be somehow conservative especially for the 
base shear in scenarios with a great difference between ε and φ. 
 Among all types of dampers, hysteretic metallic dampers have been selected to be 
designed in this study. The proposed damper is very simple, easy to replace after a 
major earthquake, and economic.  
 DCC test results for both hot rolled and cold rolled specimens show a good conformity 
between the predictions of the method and the test results. Hot rolled specimens show 
more damping and reach higher values of plastic deformation compared to the cold 
rolled ones. 
 RTDS test results for hot-rolled mild steel specimens show excellent correlation 
between the method and the tests in terms of added stiffness. However, due to velocity 
limitations of the hydraulic jacks for other specimens, damping ratio stayed lower than 
the case with the isolator alone because the damper could not dissipate much energy 
for the low amplitude cycles. 
 The extended study incorporating the test findings into numerical modelling showed 
the efficient behavior of the dampers under large deformations with earthquakes of 
varied frequency contents. Similar to RTDS tests, mild steel shows to be more suitable 
in dissipating seismic energy. 
7.2 Research limitations 
This research has been performed in the context of equivalent linearization method by 
assuming bilinear model for the hysteretic behavior of isolation and damping system. The 
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effective participating mass was assumed to be from only the superstructure by assuming 
bridges with significantly greater superstructure mass compared to the substructure mass. The 
bridges considered for this study are regular highway bridges as defined in CHAPTER 2.  
This research studies rubber isolation bearings with low rigidity and thus flexibility in the 
horizontal movements.  
Although the presented method can be applied for the design of several types of dampers, it 
was used for the design of a simple cost-effective steel hysteretic damper that was tested 
combined with a rubber isolation bearing.  
In RTDS testing procedure, the loading system was capable of applying seismic force up to 
30% scaled Northridge earthquake due to limitation in the maximum velocity of the system. 
Finally, for the nonlinear time history analyses performed as an extension of the RTDS study, 
the model of the isolator is defined by a bilinear law for which the properties were taken to be 
equivalent to the results of the characterization tests at the design displacement of the isolator. 
This bilinear law is therefore an approximation for other level of displacements of the isolator. 
7.3 Recommendation for future works 
 This method is believed to be adequate for multi-span regular bridges since it provides 
the designer with the required added damping and stiffness. However this could be 
verified by numerical analysis on multi-span bridges. 
 The developed method in this thesis has been implemented on the hysteretic type 
dampers alone assuming their relevant constitutive laws. Design, however, could be 
done for other types of dampers. 
 The proposed method does not consider the vertical effect of the earthquake, nor do the 
analytical methods performed to investigate the efficacy of the method. It might be 
complicated to include this component in the simplified method, but applying it in the 
numerical models could clarify the effect of the vertical component of earthquake on 
these structures. 
 It may be interesting to examine the efficiency of the method in the design of dampers 
for bridges with higher number of spans and irregularity in the composition of the 
bridge. 
 The proposed hysteretic damper would need to be implemented in the case of real 
bridge configurations to evaluate its benefits on the actual isolated bridge response. 
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This can be accomplished by performing a nonlinear time history analysis on a 3D 
numerical model of the bridge. 
 Statistical and detailed study of the relevance of the method for the design of bridges in 
Quebec is recommended. This could be achieved by using the database found at the 
ministry of transportation in Quebec for case studies. 
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CHAPTER 8. SOMMAIRE, CONCLUSIONS ET 
TRAVAUX FUTURS  
8.1 Sommaire et conclusions 
La présente thèse est consacrée à la méthode de conception simplifiée des amortisseurs utilisés 
dans des ponts routiers multi-portées qui ont un système d’isolation sismique de la base. 
La thèse se base sur le concept que l’isolation de la base pour la réhabilitation des ponts 
existants et pour la conception de nouveaux ponts est avantageuse. 
Cette étude se limite aux ponts routiers réguliers avec les portées courtes et moyennes. 
Bien que la méthode développée dans cette recherche puisse être généralisée à tous les types 
de systèmes d'isolation sismique, l'accent a été mis sur des systèmes d'isolation en élastomère.  
Dans des ponts isolés, le contrôle des déplacements de la superstructure avec des amortisseurs 
supplémentaires représente un point d’intérêt pour les concepteurs. Cette recherche a pour but 
de fournir une méthode simple, optimale et pratique de conception des amortisseurs ainsi que 
de développer un nouveau  type d’amortisseur simple et facile à remplacer avec des faibles 
coûts d’installation et de maintenance. 
La méthode simplifiée se base sur le spectre de réponse de risque uniforme. La méthode a été 
évaluée par des méthodes numériques et expérimentales. Selon chaque phase de la recherche, 
les conclusions suivantes sont tirées. 
8.1.1. Recommandations sur le code CSA S6-06 
Dans le CHAPITRE 4, la discussion a été faite sur les directions de la version 2006 du code 
CSA S6 étant donné qu’au moment de la recherche, la version 2014 du code n'avait pas été 
encore sortie. Une mise-à-jour de la conclusion pour ce chapitre est décrite ci-dessous: 
 Les appuis en élastomère pour l'isolation de la base d'un pont sont une méthode 
efficace pour la réhabilitation. Ceci est plus rentable et moins long comparé aux 
travaux exigés pour réhabiliter la fondation comme dans des ponts conventionnels. 
 Pour des ponts d’importance élevée, dans la plupart des cas avec un facteur de 
modification bas, indépendant du poids, la longueur ou la rigidité, le système 
d'isolation est intéressant pour réduire la force sur le pilier.  
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 L'isolation de la base est plus efficace sur des sites avec du roc ou des types de sol très 
rigides. 
 Une plus grande rigidité de la sous-structure a un effet positif sur l'utilisation du 
système d'isolation. Le plus rigide est le pont, le plus efficace est le système d'isolation. 
 Le code ne fournit pas de facteur d'importance pour les systèmes d'isolation qui se 
comportent élastiquement. Cependant, pour fournir un meilleur comportement du pont 
sous un grand séisme, une augmentation légère des forces sismiques pourrait être faite 
pour refléter le type de pont à l'étude. Également un facteur d'importance pourrait être 
désigné à cet égard pour représenter des critères de conception basés sur la 
performance réelle du pont comme discuté dans la version 2014 de la norme CSA S6. 
 Dans des zones sismiques, même si on ne considère pas le pont pour une réhabilitation 
sismique, il est avantageux de considérer l'utilisation d’appuis en élastomère au 
moment prévu pour le remplacement de ces équipements. On devrait pareillement 
considérer un fusible structural afin d'éviter un système flottant sous les charges de 
service. Même si la capacité du pont n'est pas suffisante selon le code, il est toujours 
possible d'augmenter la résistance sismique désirable pour réduire le risque sismique, 
spécifiquement dans des zones urbaines. 
8.1.2. Méthode simplifiée de la conception d’amortisseur 
Les résultats obtenus des analyses numériques démontrent l’efficacité de la méthode pour 
estimer les propriétés d’un amortisseur pour des ponts isolés où certaines valeurs 
acceptables d’effort tranchant et de déplacements sont cherchées. Les résultats principaux 
de cette partie d’étude pourraient être résumés comme suit :  
 En connaissant les propriétés du système d'isolation et les objectifs de conception ou 
de réhabilitation souhaités, la méthode simplifiée fournit des équations qui peuvent 
anticiper les propriétés des amortisseurs pour satisfaire les exigences de conception. 
 Pour un pont typique à deux portées, les résultats de la méthode d'analyse linéaire 
multi-mode sont en conformité avec les résultats de cette méthode. 
 Pour une rigidité élevée des piliers, la variation de rigidité exigée de l’amortisseur pour 
atteindre les objectifs de conception nécessaires est basse. Autrement dit, une légère 
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augmentation dans la rigidité des amortisseurs ainsi que leurs valeurs  d’amortissement 
donnera une réponse appropriée de la structure. 
 Cette méthode fournit l'amortissement exigé final de la structure en fonction de 
l’amortissement d’origine avant la réhabilitation. Basé sur le type de l'amortisseur 
(visqueux, hystérétique, etc.) et ses lois de comportement respectives, l'amortissement 
final de la structure peut être décomposé pour déterminer l'amortissement nécessaire 
dans les éléments d'amortisseurs. 
 La rigidité effective des amortisseurs et des isolateurs est sensible à la charge et à 
l'amplitude de déplacement, qui à son tour modifie la période de la structure. Pour un 
pont isolé donné, bien que le système d'isolation reste le même dans tous les cas, la 
rigidité effective ainsi que l’amortissement équivalent varient en fonction du 
déplacement.  
 Les résultats des analyses temporelles non linéaires montrent que l'amortissement 
estimé par la méthode simplifiée pourrait être un peu conservateur, en particulier pour 
l’effort tranchant dans les scénarios avec une grande distinction entre ε et φ. 
 Parmi tous les types d'amortisseurs, un amortisseur métallique hystérétique a été 
sélectionné pour être conçu dans cette étude. L'amortisseur proposé est très simple, 
facile à remplacer après un séisme majeur, et économique. 
 Les résultats d’essais cycliques en contrôle de déplacement pour deux types d’acier 
montrent une bonne concordance entre les prédictions de la méthode et les résultats des 
essais. Les spécimens en acier laminé à chaud montrent plus d'amortissement et 
atteignent des valeurs plus élevées de déformation plastique par rapport aux spécimens 
en acier laminé à froid. 
 Les résultats des tests RTDS pour les spécimens d'acier laminé à chaud présentent une 
meilleure corrélation entre la méthode et les tests en termes de rigidité ajoutée. 
Cependant, en raison des limitations de vitesse des vérins hydrauliques, 
l'amortissement restait inférieur au cas avec l'isolateur seul. Ceci s’explique par le fait 
que l'amortisseur ne pouvait pas dissiper beaucoup d'énergie pour les cycles de faible 
amplitude. 
 En y intégrant les propriétés identifiées lors des essais expérimentaux, la modélisation 
numérique a montré le comportement efficace des amortisseurs sous de grands 
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déplacements avec les séismes de contenu fréquentiel variés. Comme pour les essais  
RTDS, l'acier laminé à chaud se montre plus approprié pour dissiper l'énergie 
sismique. 
8.2 Limites de cette étude 
Cette étude a été réalisée dans le cadre de la méthode de linéarisation équivalente en 
supposant un modèle bilinéaire pour le comportement hystérétique d'un système 
d’isolation de la base et d'un système d'amortissement. La masse effective participante 
était supposée provenant de la superstructure en supposant des ponts avec une plus grande 
masse de la superstructure par rapport à la masse de la sous-structure. Les ponts considérés 
pour cette étude sont des ponts routiers réguliers tels que définis dans le CHAPITRE 2. 
Cette recherche étudie des isolateurs en élastomère avec une faible rigidité et donc une 
grande flexibilité dans les directions horizontales. 
Bien que la méthode présentée puisse être appliquée à la conception de différents types 
d'amortisseurs, elle a été utilisée pour la conception d'un amortisseur hystérétique  en acier 
simple et économique qui a été testé avec un isolateur en élastomère. 
Dans les essais RTDS, le système de chargement est capable d'appliquer une force 
sismique jusqu'à 30% du séisme Northridge en raison de la limitation de la vitesse 
maximale du système. 
Finalement, pour la méthode d’analyse temporelle et non linéaire, les analyses effectuées à 
partir des essais RTDS, l'isolateur a été défini par un modèle bilinéaire dont les propriétés 
ont été considérées équivalentes aux résultats des essais de caractérisation dans le 
déplacement de conception de l'isolateur. Ce modèle bilinéaire est donc une approximation 
pour autre niveau de déplacements de l'isolateur. 
8.3 Recommandations pour les travaux futurs  
 Cette méthode est considérée suffisante pour les ponts multi-portées réguliers, car il 
fournit le concepteur avec l’amortissement et la raideur supplémentaire nécessaire. 
Cependant cela pourrait être vérifié par l'analyse numérique sur les ponts réguliers avec  
multiples travées. 
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 La méthode développée dans cette thèse a été mise en œuvre sur les amortisseurs de 
type hystérétique assumant des lois constitutives correspondantes. Cependant, la 
méthode pourrait être appliquée pour d'autres types d'amortisseurs. 
 La méthode proposée ne tient pas compte de l'effet vertical du tremblement de terre. 
Même les méthodes d’analyses effectuées pour étudier l'efficacité de la méthode. Il 
serait peut-être compliqué d'inclure cette composante dans la méthode simplifiée, mais 
son application dans les modèles numériques pourrait expliquer l'effet de la 
composante verticale du séisme sur les ponts. 
 Il pourrait être intéressant d'examiner l'efficacité de la méthode dans la conception 
d'amortisseurs pour les ponts avec un nombre plus élevé de portées et pour des ponts 
irréguliers. 
 L'amortisseur hystérétique proposé devrait être mis en œuvre dans des configurations 
de ponts réels pour évaluer ses avantages sur leur réponse sismique.  
 Étude statistique et détaillée de la pertinence des méthodes pour la conception des 
ponts routiers au Québec et recommandée. Ceci pourrait être réalisé en utilisant la base 
de données du ministère du transport du Québec pour d’études de cas. 
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APPENDIX A― Procedure of the design of a steel 
damper 
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The following flowchart shows the design procedure of the hysteretic steel damper in CHAPTER 
6 for a bridge with known parameters.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Known 
parameters 
D
1
, F
1
, K
1
, 
1
, K
c
, 

c
 
No 
retrofit 
Objective  
 
 
Attained 
  
  
Determine 
D
2
, F
2
, K
2
, 
2
 
Determine 
K
d
, 
d
 
Determine 
K
el
,  
Determine 
d
1
, l
1
 
Select available   
d, l 
 
Tension test 
Isolator 
properties 
known? 
Characterize 
isolator 
They are 
sufficient 
They are not 
sufficient 
Yes 
No 
𝜉2 =
𝐾𝑖
𝐾𝑖+𝐾𝑑
𝜉𝑖 +
𝐾𝑑
𝐾𝑖+𝐾𝑑
𝜉𝑑   
𝐾𝑒𝑓𝑓2 = 𝐾𝑖 + 𝐾𝑑 
𝐾𝑑 =
1 + 𝛼(𝜇 − 1)
𝜇
𝑘𝑒𝑙 
𝜉𝑑 =
2(1 − 𝛼)(1 −
1
𝜇)
𝜋[1 + 𝛼(𝜇 − 1)]
 
𝐾𝑒𝑙 =
3𝑛𝜋𝑑4𝐸
𝑙3
 
𝐷𝑦 =
𝐹𝑦. 𝑙
2
12𝐸. 𝑑
 
Simplified 
method 
 128 
 
 129 
 
 
 
 
 
 
 
 
 
 
 
 
 
APPENDIX B― Practical damper installation 
Example of installation of the proposed steel damper in a sample isolated 
bridge 
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